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Abstract

The facile synthesis of highly durable, low-cost and robust electrocatalyst for
hydrogen generation from water is vital to address the existing environmental issues
as well as to provide environmental-friendly clean and green energy supply. The
generation of hydrogen via water electrolysis driven from solar power opens up an
attractive route to accoplish energy technologies in a fully renewable fashion. Noble
metal-based catalysts such as Pt/C and RuO; are considered to be the most active
electrocatalyst for the generation of hydrogen and oxygen via water splitting, but their
limited availibility and high cost prevent them to be used in practical and global-scale
applications. Therefore, it is highly desirable to achieve a highly active electrocatalyst
which outperforms the activity of noble-metals, which can acts as an electrode
material for hydrogen evolution reaction (HER), oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR). Present work highlights the design and
engineering of electrocatalyst for water oxidation reaction as well as refects the
integration of water electrolyzer with solar cell, in order to get hydrogen fuel in a
renewable fashion. Along with that the introduction of metal air battery active
electrocatalyst in also highlighted to store power in order to receive hygrogen fuel in a
fully renewable and non-sporadic fashion. The current research will give us a glimpse
towards a way for device engineering towards sustainable energy system in order to
supercede the exsiting energy technology which is based on fossil fuels.
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Chapter 1

Abstract: This chapter gives a glimpse of the current energy scenario worldwide and
various global challenges to accomplish the current energy demands. The introduction to
hydrogen economy and its various production methods have been highlighted. The
advantages of using water electrolysis for hydrogen production and the basic mechanism
are also discussed. Along with that various parameter for catalyst selection as well as the
highlights in the design and engineering of electrocatalyst are placed. An introduction to
hydrogen evolution reaction (HER), oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) and the underlying mechanism is covered in this section of the
thesis. The development of sustainable energy systems such the hydrogen generation
using solar power is considered as a highly acceptable method for energy generation. To
generate H, from water splitting in a fully renewable and non-sporadic way, the water
electrolyzer unit along with solar cell must be integrated with some storage/battery unit,
because solar cell mostly depends on climatic conditions. The introduction of metal-air
battery (MAB) is highlighted, which requires an electrocatalyst capable of oxygen
reduction reaction as well as oxygen evolution reaction. The rational design and
engineering of an electrocatalyst towards efficient HER, OER and ORR is been
highlighted in this section. Finally, the brief summary of the thesis work, motivation and

future perspective of the thesis is discussed.
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Chapter 1

1.1 Energy

Energy is the backbone of human existence. The energy demands and needs have been
compensated by the oxidation of fuels and foods, which made it conceivable for mankind
to survive on earth for centuries.! Because of environmental concerns and growing
energy demands, it has been a challenge for the researchers to develop efficient, clean
and renewable energy technologies to replace the conventional energy systems that are
mostly generated from the burning of fossil fuels.? The rapid innovations in the
technologies, the decline in the renewable energy budgets, extensive electrification,
refining energy efficiencies, technology breakthrough, concern towards the
environmental issues, altogether making it possible to wonder a sustainable future.®

1.1.1 Current scenario

In the age of accelerating change, the attempt to clamp down climate change and
accomplish sustainable evolution is firming the momentum of the energy transformation
worldwide. According to the Statistical Review of World Energy 2020, oil remained on

the top having a 33% share of all energy consumption. Rest, the global energy

Petroleum
33% Renewable energy sources

Hydroelectric 3 !
Biofuel
Wood

o Solar
Coal

Biomass waste

Geothermal

Figure 1.1 Pie chart showing the percentage of energy from different sources

consumption comes from natural gas (24%), coal (27%), hydropower (6%), nuclear
power (4%), and renewables (6%). So, in total, 84% of the global energy consumption is
accomplished by the use of fossil fuels as shown in Figure 1.1. Presently, our civilization
consumes about 17.7 TW of power counting all the sources of energy and will go up to
40 TW by 2040. The burning of fossil fuels compensates a huge amount of energy

demand. The burning of fossil fuels is causing toxicity to the environment by generating
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greenhouse gases (carbon dioxide, methane, nitrous oxide and fluorinated gases), which
leads the planet towards global warming.’
1.1.2 Global challenges
It has been estimated that the world energy consumption by 2030 may raise upto two-
third as compared to today’s statistics. The energy coming from fossil fuels such as coal,
petroleum, and natural gases will remain the major sources of energy in the near future
according to International Energy Agency (IEA). The oil consumption solely depends
upon the rise in the transport sectors. The four major challenges will be encountered by
the energy industry in the coming era.!

e Oil scarcity

e Energy security

e Environmental degradation

e Meeting the energy demands
These challenges require government initiatives, social awareness, industrial innovations,
economic and political impacts, rise in energy efficiency, etc. to fulfil the major
challenges that the world is going to encounter in near future. The growing use of fossil
fuels will eventually toxify water, air and land and even rising CO, levels in the
atmosphere.® Thus, the revolution for a move from carbon to non-carbon-based economy
is greatly expected to confront the growing pollution. So, an active role of the
government is required for making decisions, cooperation between the nations,
environmental clean-up as well as supporting in the finance towards the sustainable
energy technologies.”™
1.1.3 Panacea of the problem
The climate goals can be met by acceleration in the power sector as well as considering
the environmental issues. A smooth move from fossil fuel to an alternative energy source,
which is renewable in nature, is urgently in demand. The energy generated from
renewable energy sources such as wind, solar, hydro, geothermal and biomass must be
integrated in order to confront the environmental problems that are arising from the
burning of fossil fuels. One such alternative is hydrogen gas, when used as a fuel (Hy).
H, as fuel produces clean and green energy because upon burning in a fuel cell, it gives
only water as a by-product and thus gives zero carbon footprints and CO, emission.*°
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1.1.3.1 Hydrogen economy: Renewable energy system

Due to the rapid development in the field of renewable energy, the worldwide energy
transformation is gearing momentum. Hydrogen as a fuel has been explored as an
alternate energy source to alleviate the emission because when hydrogen is used in a fuel

cell, imparts no pollution and gives only water as a by-product. Also because of its high

Renewable Energy

A4 A 4
Heat Biomass
Mechanical energy v
A / Conversion
Electricity

v ‘ Y

_ Electrolysis Photolysis
) } }

Hydrogen
Figure 1.2 Different ways for the production of hydrogen using renewable energy.

energy density (three times than combustion of gasoline/mass), H, as a fuel is highly
appreciable. The main advantage of hydrogen is that it can be produced locally. So, the

places, which are dependent on external energy supplies, can be benefited immensely.

There are many roots for the production of hydrogen, such as water, gas, biofuels,
oil, etc. (Figure 1.2), but its production in a sustainable way is highly appreciable. The
production of hydrogen from water splitting has been known to be the best among all the
techniques for its generation due to the abundance of water on the planet as well as an
easy and eco-friendly production process. Apart from water splitting, there are some

important hydrogen production methods that are adopted worldwide.

1.1.3.2 Hydrogen production processes

For the production of hydrogen, it must be separated from the other products in the form
of molecules during the generation. There are different ways of hydrogen production that
are been adopted widely for its use as a fuel as shown in Figure 1.3.""** There are three
categories of the hydrogen generation based on the energy sources for its production. For

example, hydrogen generation from renewable energy is known as green hydrogen.
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Brown hydrogen is the hydrogen that generates from the burning of coal. The hydrogen
produced from natural gases or oil is known as grey hydrogen. Some of the methods,

which are mainly used, are listed below.
e Steam reforming
e Coal gasification
e Photochemical water splitting
e Electrochemical water splitting
e Photo-biological water splitting

The two common techniques from which the production of hydrogen is mainly adopted

are steam-methane reforming and water electrolysis. The steam reforming method is

" Natural il ( ——

) JRSICIOrmE gasification

/ 4 | o

Biomass pathways Solar pathways
v

Near term Mid-term Long-term

Figure 1.3 Schematic illustration of near term, midterm and long term H, fuel generation

widely used for commercial hydrogen production. Among steam reforming, steam-
methane reforming is practiced by commercial hydrogen producers. In steam-methane
reforming process, hydrogen atoms are separated from the carbon atoms present in the
methane at a temperature of (1300°F to 1800°F) under a pressure of 3-25 bars. Carbon
monoxide and a very small amount of carbon dioxide are produced as a by-product when
methane is reacted with steam in the presence of catalyst.* The source of methane gas for
hydrogen production is mainly natural gas. Biomethane is also a source for steam
reforming, which generates from landfill/biogas. This is usually used in fuel cell power

plants.

Electrolysis takes electricity to split water into hydrogen and oxygen. The process
commonly known as the power-to-gas process, encompasses power as electric current
and gas as hydrogen. The production of hydrogen from electrolysis is known to be the
purest. To check if any other gases are not present along with hydrogen and oxygen,
faradaic efficiency is calculated. In this way, the hydrogen generated from water
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electrolysis is known to be perfect for their use in fuel cells. The electric current for
electrolysis should not come from grid power which generates from fossil fuels (coal,
petroleum and natural gases) in order to achieve fully renewable hydrogen fuel
generation. In this way, the CO, emission and their effect on the environment indirectly
relate to electrolysis. Rather, the electric current should come from the sources such as

wind, solar, hydro energy.

1.1.3.3 Solar to hydrogen fuel generation

Among all the carbon-free sources, solar energy is considered to have great potential to
efficiently replace fossil fuels. To utilize solar energy in order to gain a sustainable future,
two major challenges need to be overcome. The first is to integrate any storage system
along with photovoltaic for storing the electric current in order to achieve a non-
intermittent energy supply. The second challenge is to utilize solar power to generate

clean and green fuel for industrial, housing as well as transportation divisions.

There are three processes that are used to generate hydrogen fuel from solar energy:

electrolysis of water by solar generated electricity (electrochemical), water splitting using

Y 4 E=hv

CBe /W, >

Eg H,0

Coz
VB h* 2 H.0

Figure 1.4 (a) electrochemical water splitting (b) photochemical water splitting (c) photo
electrochemical water spitting.

METAL

direct solar power (photochemical) and by the combination of both solar and electric
energy (photoelectrochemical) as shown in Figure 1.4. The photovoltaic electrolysis was
first demonstrated in 1983 by Florida Solar Energy Centre under funding from NASA
Kennedy Space Centre. This is a little weird to think that we require electricity to
generate hydrogen fuel to again convert that fuel into electricity even when we can
generate power using direct sunlight from solar cell, which is well established. The idea
and the whole scenario are to avoid any climatic conditions so that we can generate
electricity when and where needed. This is the beauty of this whole idea. Although, the

phovoltaic power integrated with conventional batteries is commercially well established,
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but due to the bulkiness, short life and expensive nature of batteries it is demanding a
substitute. On the other hand, solar-driven water splitting process is gaining much
attention because of its easy generation as well as non-complex storage system, where the

stored fuel can be applied to the fuel cell for electricity generation. >’

1.1.3.4 Hydrogen economy challenges

For the practicality of hydrogen economy, there are still many challenges that need to be
worked upon. Technical issues like stability of the electrode material, electrolytes, and
reliability still need to be upgraded. For large-scale hydrogen production, system
integration, transportation, infrastructure as well as proper storage planning concerns the

cost of the system.

Table 1.1 The practicality of hydrogen economy; a roadmap.

Technology Technical  Market Popularization Complete
feasibility  introduction popularization

Hydrogen Verification  Verification of
power of hydrogen hydrogen-only
generation mixed power

powver generation

generation
Fuel  cell Long durability fuel cell vehicle Precious metal-
for (FCV) for business catalyst
vehicle Use

Technologies for mass production

Fuel  cell

for

household

Fuel  cell Long Cost reduction Precious metal-
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for durability catalys
business realization
Hydrogen Adjustment  Security
station in regulation/ measures for
standard hydrogen
Low-cost economy
station
Hydrogen  Verification of large-scale  Inspection of Development

export/import

transport, hydrogen transportation and verification

transportation of

storage, of CO,-free

9 hydrogen 2
and hydrogen supply
production chain

The production of hydrogen and its economic establishment involve technological
progress from catalyst design to application. Several steps like production, storage,
portability and its operation are involved for its end-to-end utilization. The most popular
use of hydrogen technology is its use in fuel cell and fuel cell vehicles (FCV). But there

are several issues that are associated, which are listed below.

e Technical compatibility

e Efficiency

e The durability of the system

e Cost

e Selection of the catalyst

e Electrolytes

The improvement in the comprehensive efficiency of the catalyst plays a significant
role in a fuel cell. For large-scale hydrogen production, say, at mega watts (MWSs), there
are lot of parameters that are needed to be verified to supersede the existing

coal/petroleum-based energy technology.
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1.2 Electrocatalysis
1.2.1 Introduction and historical background
The most widely used method for hydrogen production practised today is the methanol

reforming, burning of fossil fuels and water electrolysis [2H,O(1)—>2H2(g) + O2(Q):

Figure 1.5 Schematic of electrochemical water splitting.

AG® = +237.2 KJ mol ™}, AE® = 1.23 V (T = 25°C, P = 1 atm)]. The main problem
associated with the production of H, by burning of fossil fuels is the production of
CO, which results in global warming as well as compromises the purity of generated
H,. Methanol reformer methods also produce CO, gas as a by-product. Therefore,
hydrogen production in a green and clean way is highly desirable for sustainable
energy future. Researchers are mainly trying to solve this issue by exploring the
production of H;, by electrocatalysis, photocatalysis and photoelectrocatalysis, where
the molecules of water split into hydrogen and oxygen, which is further used in a fuel
cell. In this section we will discuss the electrochemical water splitting process and the
role of catalyst and design and engineering of the catalyst. The use of fuel cell is an
excellent way for the practice of sustainable energy future. According to IEA, the
hydrogen production from water electrolysis will reach about 22% till 2050, which is
quite a good participation in the fuel energy.'®

The electrocatalysis of water takes place by splitting the water into H, and O,
in the presence of electric current and to reduce the potential to split water, some kind
of catalyst is employed in an electrochemical cell as shown schematically in Figure
1.5. Water splitting comprises two redox half-cell reactions, that is hydrogen evolution

reaction (HER) and oxygen evolution reaction (OER). The H, will be produced on the
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cathode and O, will be produced on the anode with the help of membrane. PEM
(proton exchange membrane) cell membrane is used to produce H, and O, in two
different compartments and allows the passage of protons through it.

1.2.2 Thermodynamics

These reactions are Kinetically sluggish because of the involvement of multi-
electron/proton transfer during the electrolysis. Therefore, the acceleration in the
reaction rate of the catalyst is highly desirable for efficient electrolysis. Noble
catalysts like platinum, ruthenium, and iridium are mainly known to be excellent
catalyst for water splitting but due to their scarcity and high cost these catalysts are not
widely used. The electrolyte used for water splitting is usually acidic and alkaline
media. Generally, OER is done under alkaline conditions and HER is performed under
acidic media. But in order to accomplish full water splitting, both the OER and HER
must takes place in the same electrolytic media. Electrocatalytic water splitting can be
conducted in both acidic and alkaline solutions. Mostly, alkaline water electrolyzer are
favorable over the acidic one because acidic electrolyte hampers the stability of the
electrocatalyst as well as the membrane used in the electrolyzer.™® But alkaline water
electrolyzer are being already commercialized and well established. Therefore, for the
practicality of alkaline water electrolysis, alkaline HER must occur efficiently, which
is really kinetically sluggish process. The general reaction taking place in water
splitting is shown in equation 1.1, 1.2 and 1.3 as:

2H,0 + 4h* - 0, + 4H* (OER at anode) (1.1)
4H* + 4e~ - 2H, (HER at cathode) (1.2)
2H,0 + Energy — 2H, + 0, (Overall) (1.3)

1.2.3 Critical parameters for catalyst selection

Based on the activity and efficiency, there are few parameters used to evaluate the
catalytic activity of the electrocatalyst like overpotential, Tafel slope and exchange
current density, stability, faradic efficiency and turnover frequency.® All the parameters

are discussed in brief below section.

1.2.3.1 Overpotential

Water electrolysis never occurs at a theoretically determined potential. The difference
between the experimental value of voltage and the thermodynamically calculated
reduction (Hz, Eo=0.00 V vs RHE)/oxidation (O;, Eo = 1.23 V vs RHE) potential is
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known as overpotential (). The fundamental requirement of a water splitting system is
equilibrium potential Eeq = 1.23 V. Thus, a voltage of 1.23 V must be supplied to the
water splitting unit to generate H; at a particular rate. The overpotential also depends
upon the rate of kinetics of water electrolysis reaction taking place between catalyst and

electrolyte interfaces as well as design of water splitting unit as shown in equation 1.4:

Egp = Eeq + 1A + ¢ + g (1.4)

Where, Eop is the overall overpotential, o is the overpotential required
overcoming the Kinetic barrier at anode (OER) and 1) ¢ is the overpotential for cathodic
kinetic barrier, 1 o is the overpotential due to some additional resistances such as contact
and solution resistances. The ) o drop in the voltage is known as iR drop, which is needed

to be subtracted from the overall experimentally calculated potential.

1.2.3.2 Tafel slope

The connection between the current (i) and voltage (V) is very fundamental in
electrochemical study of the catalyst. The electrode kinetics change by varying the
voltage changes, which as a result changes the current. For basic understanding of
electrocatalytic reaction, Tafel plot analysis is very important. Butler and Volmer
equation is the root of Tafel slope and Tafel equation® as shown in equation 1.5 and 1.6:

O QanodicNFN|  [XcathodicnFN
i =1{exp [T] [ RT ]} (Butler - Volmer equation) (1.5)

1 = lanodic T lcathodic (1.6)

Where, i, is the exchange current density, oanogic IS the coefficient (charge

transfer) for the anodic reaction, ocahogic 1S the coefficient (charge transfer) for the
cathodic reaction, n is the overpotential, F is Faraday’s constant, R is gas constant and T

is the temperature.

1.2.3.3 Stability and durability

The stability of the catalyst is a major parameter for splitting of water at industrial scale.
The stability of the catalyst is generally accompanied using cyclic voltammetry,
chronopotentiometry and chronoamperometry scan to test its degradation at certain
constant parameter for more than 12 hours. After the degradation test, the shift in the
overpotential at a certain current density (mainly 10 mA cm™) is compared with the initial
overpotential. For a catalyst to be robust, efficient and stable, the shift in the overpotential

at a particular current density should be as minimum as possible. Accelerated durability
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test (ADT) is the intentional conditions are applied to speed up the catalyst degradation
by imposing harsh and rough circumstances. This can be achieved by long term cycling,
chrono test at high current densities, multi current step chronopotentiometry etc.

1.2.3.4 Faradaic efficiency

Faradic efficiency is the efficiency by which the electrons delivered by external circuit
are accomplished enough to drive the reaction for water electrolysis. The ratio between
the experimental and theoretical amount of produced H,/O, are needed for the calculation
of faradaic efficiency. The comparison is done because along with the desired gas, some
faradaic losses may occur due to the generation of by-products and heat during the
reaction.

1.2.3.5 Turn over frequency (TOF)

The measure of number of moles of H,/O, produced per unit time gives the value of turn
over frequency (TOF) of the electrocatalyst. This is the very critical parameter for the

analysis of the catalyst. The general formula for TOF is depicted in equation 1.7 as:
— (1.7)
Where, | is current, Na is the Avogadro constant, A is the geometrical surface
area, n is the number of electrons transferred, and I is the total concentration of catalyst.

1.2.4 Synthesis methods for electrocatalyst

Few well known routes for nanomaterial-based electrocatalyst synthesis are:

[l

r—
\

e Carbonisation??

e Chemical and hydrothermal methods®®

e Pyrolysis and high temperature reactions®
But there are various problems associated with

\ \
-~ ”
<

-

above mentioned synthesis routes such as; the catalysts

are less stable because of the use of binder, the

synthesis approach is very expensive and also leads to

complexity, the duration for the synthesis of material is
long, high temperature requirement for the reaction and

also the reaction takes place in multistep. An advanced

and very easy route for catalyst synthesis is a method

called electrodeposition. Figure 1.6 Electrodeposition setup in

- he electrochemical workstation.
e Electrodeposition method the electrochemical workstatio
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The electrodeposition method (Figure 1.6) produces improved nanostructures such as less
or defect-free, homogeneous layer of material deposition. More importantly, the catalyst
synthesis can be done at room temperature and also the synthesis time is very less (even
1s), which leads towards cost effectiveness of the synthesis route. This method is mostly
a single step process that makes it less complex compared to other synthesis routes. Also
because of binder free material, the catalyst synthesized here is very efficient, stable and

robust.?

1.2.5 Hydrogen evolution reaction (HER)

To achieve a Faradic efficiency of 100%, the molecules of hydrogen (2e” pathways)
generation should be two times to that of oxygen (4e” pathways), and must be
proportional to the amount of charge present in the electrolytic media.?® During the water
electrolysis, possible chemical reaction is shown in equation 1.8 and 1.9:

2H*(aq) + 2e™ - H,(g) (HER) (1.8)

2H,0(1) - 0,(g) + 4H"(aq) + 4e~ (OER) (1.9)

Nicholson and Carlisle in 1789 were first observed this phenomenon of
electrochemical production of hydrogen and oxygen. More than 500 industrial water
electrolyzer units have been installed worldwide till date. Mainly, proton exchange
membrane is used to separate both H, and O, gases. The discussion on the mechanism
and thermodynamics that occurs during HER and OER in different electrolytic media is
very essential before we move further. The reaction pathways and the polarization curve
for HER are shown in Figure 1.7a and b.

Basically, the HER follow two unique reaction mechanisms, which are followed

by three reaction steps.
Volmer reaction: This is also known as discharge process. Here, the electron is being
transferred to the surface of the catalyst to capture a proton. As shown in equation 1.10,
this transfer results in the generation of adsorbed atoms of hydrogen (Hags) at the active
sites of the catalyst:

H*(aq) + e~ = Hyqys (Step 1, Volmer reaction) (1.10)

This Volmer step undergoes two different possible ways for the production of Hy,
which is known as Heyrovsky and Tafel reactions.
In Heyrovsky route, which is also known as desorption step, takes place when the Hags

species is found to be low on the surface of the catalyst. And due to low coverage of the
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Hags these adsorbed species of hydrogen prefer to combine with the other proton and an
electron for the generation of H, atom (equation 1.11):
H.4s + HT(aq) + e~ - H,(g) (Step 2a, Heyrovsky) (1.11)

Tafel reaction route, which is also known as chemical desorption step, occurs
when there is the sufficient coverage of Hgs on the active sites of the catalyst. The
recombination of the Hags Species on the surface of the catalyst dominates when there is
the high coverage of Hags and which results in the production of H; as reflects from the

equation 1.12:
Hags + Hags — Ha(g) (Step 2b, Tafel) (1.12)

1.2.6 Oxygen evolution reaction (OER)

a “ H,0 o @ ===z e
Hz b HE
“’ ‘ OH+ @82 0.1 :
| G @= " O + '. a . —
o | Hads OH- ™\ g
% 4 V Hads v‘ 4 e- <_0'2_
g H0 & | Hags | Heyrovsky :
E v ? step Catalyst
ey 0.3 T
,0” Hads |/ Hads 4“ 2 :
\? > <Y A v 0.6 0.4 0.2

Tafel step Potential (V vs RHE)

Figure 1.7 (a) Hydrogen evolution reaction mechanism (b) HER polarization curve

Thermodynamics of OER is similar in both acidic and alkaline media. For practical
purpose the overpotential exceeds the thermodynamically obtained potential (1.23 V).
The reaction pathways and the polarization curve for OER is shown in Figure 1.8a and b.
Apart from the noble metal catalyst for OER, all the other catalyst generally involves the
adsorption of both O and OH group on the surface of the catalyst.” The equations 1.13
and 1.14, involved are:

OH™ + * > OHyqgs + €~ (1.13)

OHadS 4+ OH™ - Oads + HZO + e (114)

Where * is the active site of the catalyst and O,gs is the adsorbed oxygen on the

catalyst surface. There are basically two pathways for the production of O, from the
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oxygen, which are adsorbing on the catalytic active sites. The first pathways are

accomplished when the two O,gs couples with each other (equation 1.15):
0ads + Oads - O2 (1-15)

And in the second step the Oy reacts with OH™ to form intermediate OOH,qs
species, which finally combines with OH" to generate O, (equation 1.16 and 1.17):

Oags + OH™ > OOH,qs + €~ (1.16)
OOH,4 + OH™ > 0, + H,0 + e~ (1.17)

Similar trend follows for the generation of oxygen in neutral media but the

Volmer reaction begins with water here as shown in equation 1.18, 1.19, 1.20, 1.21:

2H,0 + *—> OH,qs + H,0+ e~ + HF (1.18)
OH,4s + H,0 - 0,45 + H,0 + e~ + H* (1.19)
O,4s + H,0 - OOH_ 45 + e~ + H* (1.20)
OOH,4s = 0, + e~ + H™ (1.21)

Where * is the active site of the catalyst and O,gs is the adsorbed oxygen on the

catalyst surface.

Following the Nernst equation, HER is favorable in acidic media while OER

a "0 +H,0 ]
/, » Ht+e- b &
, 2] M< 0.3- ¢
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P 4
+OH - £ &
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Figure 1.8 (a) Oxygen evolution reaction mechanism (b) basic OER polarization curve

process is easily going in alkaline media. For demonstrating efficient water splitting, both
HER and OER must be taking place in the same electrolyte media. But water splitting in
acidic media is not favorable and some issues like the corrosion of the catalyst takes place
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and hampers the stability. The water electrolysis in basic media is highly acceptable for
large scale hydrogen production but the main challenge associated with this is that the
HER in alkaline media is kinetically very sluggish in terms of water dissociation and
hydrogen binding energy, which leads to high overpotential and poor power competences
in alkaline media. The reaction mechanism proposes that there is an extra barrier for the

energy to overcome for the production of hydrogen.

1.2.7 Oxygen reduction reaction (ORR)
Because of the global climatic change and in the search of alternate energy source,

H*+e
a s >—f\~A b
<2 KA~ 1.& OOH" H+4e-

NH o
0 4‘/ﬁ++e Ht+e 5* 2 .
z\"zo OH"+OH*

0°+0* ¥-++//- 0 M 0.6 0.8 1.0

+>->o +OH* H*+e- Potential (V vs RHE)
H+{e-

Figure 1.9 (a) ORR mechanism and their corresponding steps. (b) ORR polarization curve.

(mA cm'2)

—Catalyst

J

oxygen electrocatalysis plays an important role in electrochemical energy conversion,
generation as well as storage system. The oxygen reduction reaction (ORR) takes place at
the cathode in the electrochemical reaction. The reaction pathways and the polarization
curve for ORR is shown in Figure 1.9. Oxygen reduction reaction contains several steps
and species like O, OH, HO,-, H,0,, O, etc. The final O, involves the net transfer of four
electrons and four protons. ORR is holding a very significant place in industries, because
of the move for energy generation, conversion and storage towards renewable energy
technologies etc. like fuel cells, metal-air batteries, etc.?® Due to the complex reaction
pathways, ORR demands a highly efficient electrocatalyst in order to lower down the
barrier hill of the reaction steps.

The standard reduction potential from conversion of O, to OH" is 0.401 V vs SHE. For
four electron pathways of ORR, the reaction follows the equation given below in equation
1.22:

0, + 2H,0 + 4e~ = 40H™; E° = 0.401 V vs SHE (1.22)
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An alternative four electron pathways, O, molecule is first converted into peroxide ion
(equation 1.23):

0, + H,0 + 2e” = HO; + OH™; E® = —0.076 V vs SHE (1.23)
Followed by further reduction (equation 1.24):

HO; + H,0 + 2e™ = 30H™; E® = —0.878 V vs SHE (1.24)
Or disproportion reaction as shown in equation 1.25:

2HO; = 20H™ + 0, (1.25)
1.3 Metal air batteries (MABs) and bifunctionalities of the catalyst
towards ORR and OER

Carbon-free gold
air electrode for
LiO, batteries

Zn electrode
additives for Zn-air
batteries

Organic electrolyte
solvents for LiO,
batteries

Proposing the | Reporting Fe-air
first Zn-air batteries
battery

Reporting Na- | “Water in salt”
0, and K-0, electrolyte for Zn-0, and
batteries | LiO, batteries

Metal-free bifunctional '
oxygen electrocatalysts for Zn
i air batteries

Gel-polymer electrolyte for
flexible Zn-air batteries

I Ioniciiquid as
electrolyte for LiO,
batteries

Reporting Al-air
batteries

Alloy Li-electrode,
ceramic electrolyte
for Li-air batteries

Introducing redox-
mediators into Li-
0, batteries

Proposing the first
LiO, battery

Figure 1.10 A roadmap for the development of the metal air battery generation

Because of the emerging energy storage technique and global energy demands, metal air
batteries are gaining much attention in research. Because of their high energy density
benefits over conventional storage systems, MABs are being researched at its peak in
electric vehicle, power plants etc. There are several more advantages of MABs such as
low cost, safety, eco-friendliness and stability. In MABs, OER and ORR reactions take
place simultaneously at the catalyst, which is working as the cathode material. Therefore,
the selection of the catalyst material is very critical in the fabrication of MABs. A
roadmap for the progress in MABs is illustrated in Figure 1.10. Several metal
oxides/hydroxides or sulphides/selenides, composites, heteroatoms, carbon etc. based
catalyst are extensively reviewed and researched in past few decades for MABs catalyst

selection.?®*°
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Table 1.2 A comparison of different metals used in MABs

Battery systems Fe-air  Zn-air | Al-air Mg- Na-air K-air | Li-air
air

Year invented 1968 1878 1962 1966 2012 2013 1996

Cost of metals($kg™) 0.40 1.85 1.75 275 17 ~20 68

Theoretical voltage  1.28 1.65 2.70 3.09 2.27 2.48 2.96

V)

Theoretical energy 763 1086 2796 2840 1106 935 3458

density (Wh kg™)

Electrolyte for Alkaline Alkaline Alkaline  Saline Aprotic Aprotic Aprotic

practical batteries or saline

Practical voltage (V) ~1.0 1.0-1.2 11-14 1.2- ~2.2 ~2.4 ~2.6
1.4

Practical energy 60-80 350-500 300-500  400- - - -

density (Wh kg™) 700

Primary (P) or R R P P R R R

electrically

rechargeable (R)

The attention on the electrolyte and its concentration as well as separator also
plays a very important role in the stability of the fabricated MABs. Also, the presence of
metal is very critical parameter, which also needs much attention. As shown in Table 1.2,
the theoretical energy density value of Li-air battery is 3458 Whkg™ due to the fabrication
complexity, it is still not holding an admirable place in the design of MABs fabrication.
On the other hand, Mg and Al-air batteries also have better theoretical energy density of
2796 Wh kg™, and 2840 Wh kg™ respectively, but because of several non-issues
associated with them like, corrosion, HER at metallic electrode as well as -electrically
rechargeable nature, these batteries are not favorable for practical applications. Zn metal
and the aqueous electrolytes in Zn-air batteries are much cheaper in cost as compared to
Li metal and the electrolytes (non-aqueous) of Li-air batteries. All the sections of Zn-air
batteries are quite stable towards moisture, thus making more favorable to fabricate and
operate at ambient conditions.** Therefore, as compared to Li-ion batteries, it is easier to
handle Zn-air batteries. A schematic illustration for ORR and OER taking place in Zn-air
battery and corresponding polarization curve is shown in Figure 1.11. So, a trade-off of
material fabrication cost as well as energy density is been practiced in the selection of
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metal in air-batteries. The mechanism and reaction taking place at the cathode as well as

anode is given in equation 1.26, 1.27, 1.28, 1.29, 1.30 and 1.31 which is given below:

Anode:

Zn = Zn** + 2e” (1.26)
Zn** + 40H™ - Zn(OH)3™ ; E° = —1.25 (Vvs NHE) (1.27)
Zn(OH)2~ - ZnO + H,0 + 20H" (1.28)
Zn + H,0 - Zn(OH), + H, T (also possible) (1.29)
Cathode:

0, + 2H,0 + 4e~ - 40H™; E® = 0.4 (V vs NHE) (1.30)

Overall reaction:

2Zn + 0, - 2Zn0 (E° = +1.65V) (1.31)

1.4 Fully-renewable and non-sporadic H, fuel generation system

- - ~——ORR

‘ I “-'E ———OER
Pk ZaOHER S :
?‘5 O g . —
'< -’ Ejat 1
T~ i AE~0,79 \ !
Zn? i ' :
|

'x_om%,— Potential (V vs RHE)

Figure 1.11 (2) ORR, OFR and reaction faking place in Zn-air batterys. (b) polarizafion
curve for bifuvctionalify fowards OFR and ORR.

Water can be directly broken into H, and O, for the generation of hydrogen gas as a fuel
by using electrolysis effect, which was discovered more than 200 years ago. There are so
many methods to generate hydrogen but the choice of electrolysis is one of the best ones
since it does not pollute environment and also the hydrogen obtained here is of very high
purity and can be easily and efficiently used in a fuel cell. However, an external power
source is still desired to supply the required electricity for the dissociation of water. The

breaking of water in the presence of sunlight is a best way to meet the demands

20| Page



Chapter 1

worldwide in the field of energy. A conjectural design for the water electrolysis system,

Hybrid technology in water electrolysis

* Existing self powered systems

Solar cell [ Nanogenerator ][ Metal air batteries ]

Figure 1.12 Existing hybrid technology for water splitting.

which will have its own power delivery capacity for future clean energy supply is of huge
interest and obviously, is a challenge. Development of efficient multi-functional
nanomaterial together with device architecture could furnish some lights on this
postulation. Understanding the mechanism for storage and conversion of energy may
bring hope in this field for the successful implementation of the novel concept. A
schematic for the representation of existing self-powered water splitting is shown in
Figure. 1.12 and 1.13.

The electricity required to split water is still considered from non-renewable
energy homes as the main contribution of grid power is fossil fuel. An alternative way to
overcome this problem is to use a self-powered system that harvests ambient energy to
generate power, which can be integrated with the water electrolyzer. However, the
different abundant, easily accessible and renewable forms of energy like solar energy are
dependent on weather condition and a continuous and online energy generation is not

feasible due to its dependency on climatic condition and sporadic nature. The motivation

921A3p 28e101S
==t
o

o |

electrolyser

Figure 1.13 Hybridisation of water electrolyser with solar cell and storage device fashion.
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of complete hybrid energy system of ‘generation-storage-supply’ is thus essentially
required to store the energy generated from different origins in order to obtain a ceaseless
and stable progression of water electrolysis whenever it is needed.

1.5 Design and engineering of electrocatalyst

The design and engineering of the catalyst is the main challenge for the researchers
because an efficient catalyst plays a crucial role and are considered as the heart of the

electrochemical water splitting system. Few parameters like overall cell overpotential

Doping

Strain tunning
Boosting :

intrinsic activi
Alloying
Interface engg.
Design
strategy
Porous structure
Exposing active Naneostructuring
sites NS =
Hybridization

Figure 1.14 Catalyst design strategies in catalyst synthesis.

(n), mechanical robustness, stability, faradaic efficiency (FE), turn over frequency
(TOF) are few critically important parameters based on which a catalyst is been
analyzed. Along with the above properties, the surface properties like hydrophilicity
and aerophobicity of the catalyst actually plays the main role in the activity of the
catalyst. Plenty of bubbles generates on the surface of cathode (H,) and anode (O,)
during the process of electrolysis. This generation of bubbles on the surface causes the
blocking in the diffusion of the electrolyte toward the electrode, which results in the
increase in the ohmic resistance between the interface of electrode and electrolyte.
This increase in the resistance eventually decreases the actual surface area of the
catalyst, which is taking part in the electrochemical reaction, known as
electrochemically active surface area (ECSA). Lack in the aerophobicity of the catalyst
compromises the stability of catalyst by degrading their micro/nanostructures.
Therefore, an efficient behavior of a catalyst, it must be superaerophobic as well as

hydrophilic in nature. Researchers monitor this behavior of the catalyst by measuring
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the contact angle and well as observing the bubble behavior that generates on the
surface of the electrode during the electrolysis. The catalyst design strategies in
illustrated in Figure 1.14.

Full water splitting is a thermodynamically arduous reaction and demands
enormously efficient and active electrode materials that considerably accelerate the
sluggish kinetics of two half reaction occurring at both cathode (HER) and anode
(OER) simultaneously. Metal-air battery involves OER at anode and oxygen reduction
reaction (ORR) at cathode. Therefore, electrocatalyst, the heart of hybrid system, is
preferred to be trifunctional (HER, OER and ORR) in nature and have attracted
immense research interest very recently. The catalyst for water splitting and metal-air
battery with respect to commercialization and industrial applications needs to meet
some demanding criteria like high current densities, low overpotential, mechanical
robustness and durability. Many transitions metal-based phosphides, selenides,
sulphides, nitrides, carbide etc. have been reported recently that partially meets the

benchmarks.3?3¢

However, conventional route for the development of an
electrocatalyst involves sol-gel processing, dip-coating, spray pyrolysis, hydrothermal
synthesis that involve time-consuming synthetic approaches, high temperature
pyrolysis methods, complicated reaction Kinetics with multiple steps, even though
most of them are not self-supported at the current collector.

Strategic synthetic approaches and stepwise routes will be employed to create
rational active sites to achieve superior catalytic activity. Therefore, the designing of
active material and understanding the mechanism is very crucial in the field of water
electrolysis and metal-air battery research. In past few decades, extensive research has
been done in the exploration of better and efficient electrocatalyst, like transition metal
oxides (TMOs), transition metal chalcogenides (TMCs), transition metal phosphides
(TMPs), etc.®**"3 These metal chalcogenides and oxides-based catalyst have several
advantages and qualities that favor the electrolysis in the very admirable fashion. Low-
cost, porous structure, better electrical conductivity and stability etc. are the benefits of
this type of catalyst that are being utilized in the electrochemical process. The
engineering of this TMOs, TMCs as well as TMPs based compounds for integrating the
active sites and tailoring the electronic behavior various practises like doping, creating
defects, forming heterostructures, core-shells and interfaces are done which shows the

improved activities to that of pristine catalyst. Theoretical studies of these catalysts for
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the analysis of electronic band tunings and synergistic effects taking place beneath are
also playing an important role and go parallel with the experimental data and studies.
1.5.1 Non-precious materials for electrocatalysis

Hydrogen and oxygen-based energy is highly desirable for clean and green fuel source

carrier with a very high energy density. Nobel metals such as Platinum (Pt) are well
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Figure 1.15 Non-precious catalyst in water electrolysis

known for its activity and efficiency in HER. But due to the high price and less durable
nature of Pt, the production of hydrogen at a large scale is limited. So, the catalyst
selection is a very critical parameter in hydrogen generation. Therefore, a lot of research
IS being going on the catalyst design and engineering to achieve the efficiency of noble
metal with a good stability. Transition metals like, Co, Fe, Mo, Ni, Mn, Al, Cu etc. and
their derivatives are extensively explored as a non-precious catalyst towards water
oxidation. Single metals/based phosphides, sulphides, selenides etc. (Co, Fe, Cu, CoP,
FeP, MoS,, NiP)*™, binary metals/based phosphides, sulphides, selenides etc (CoMoS,
NiCuP, CoNi, NiCoS)**™ ternary metals/based phosphides etc. (NiCoW, FeCoNiP)*"“®

have been explored and found to be very efficient as well as cost effective towards water
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electrolysis. A schematic illustration for non-precious catalyst in water electrolysis is
shown in Figure 1.15. A comparison table depicting OER and HER activity utilizing
transition-metal based compound is shown in Table 1.3 and 1.4, respectively.

1.5.1.1 Transition metal phosphides (TMPs)

There are many different phases of metal phosphides are reported based on the different
P atoms content in the materials such as Ni,P, NisP4, Nij2Ps, NisP, FeP, Fe,P, CoP, Co,P
etc.**% In summary, the content of P actually tunes the band structure of the catalyst, as
MP and M,P are generally metallic, where the material rich with P atoms are usually
semiconducting in nature. The MP, (NiP,) based catalyst actually are phosphorous rich,
and thus contains plenty P-P bonding.>*This significant amount of P creates the
electronegativity, which drags the electrons from metal atoms and thus creates the plenty
of hydrogen and oxygen adsorbed sites for further OER and HER. The delocalization of
electrons in the metal is restricted by the reduction in the electrical conductivity upon the
incorporation of P in the material.>® The synthesis routes followed in the synthesis of
TMPs are most likely, solid-phase reaction, electrodeposition, direct phosphidization,
solvo/hydrothermal method.>**° Schaak et al. For the first time reported the HER catalyst
based on TMPs in alkaline media with a very low OER and HER overpotential.>® Many
non-precious TMPs based catalyst have been reported since then for water splitting

applications and the fields is immensely been explored.

1.5.1.2 Transition metal Chalcogenides (TMCs)

Transition metal-based chalcogenides represented by M,Xy, where M is the metal (Fe,
Co, Ni etc) and X is chalcogens, which includes S, Se and Te. These types of materials
are attracting the researchers from past decades because of their high conductivity. They
are much efficient and deliver better activity as compared to TMOs and TMSs because of
the lesser electronegativity character of selenium then oxides and sulphides.®”*® This
results in the improved M-Se bonds and results in faster electron-exchange nature of the
compound. Though sufficient research has been done on TMCs type materials, still it
requires in context of activity to outperform noble-metal catalysts. CoSe, catalyst has
been explored much for water electrolysis among other metal selenides. CoSe; have been
synthesized by Kong et al. on carbon fiber which showed an admirable activity towards
HER.*® An amorphous CoSe film on titanium was synthesized by Liu et al. have which
required a cell potential of 1.65 V for full-cell. It has been reported that hybrid

catalyst/multi element materials enhance the activity as compared to the pristine one.
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Table 1.3 A comparison table for OER using transition-metal based catalyst.

Catalysts

Nig7sFe o2
(OH)x
NipsaFenir-
LDH

LSNF30

O-NiFe
LDH

FeCoNiP

NBM;;

P-Co0304
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-
-
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Process
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& annealing
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calcination-
reduction
Hydrothermal
Process
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chemical
reduction
Sol-gel
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process
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coupled
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modification

Electrochemic
al delithiation

Electrolvt
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1.0M
KOH
1.0M
KOH
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KOH

1.0M
KOH
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KOH
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KOH
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KOH
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KOH
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KOH
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The catalytic activity of the TMCs based material tunes upon the addition of different

cations/anions into the compound. As an example, Zhang et al. have analyzed the role of
addition of Co in WSe,/MWNTs.®® The addition of Co enhances the activity of the

catalyst by optimizing the adsorption sites of H. Even the addition of P in the metal

chalcogenides could tune the activity by introducing the vacancies/defects in MX. Wang

et al. have synthesized CoSe,-MoSe; hybrid catalyst, on reduced graphene (CS-MS/rGO-

C) by selenization process which showed an admirable activity for alkaline HER.*

Talking about the bimetallic selenides, it has better activity than monometallic selenides

because of the synergistic effect taking place between both the metals.
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Due to earth abundance in nature and high electrochemical activity performance,

transition metal sulphides (TMSs) are attracting much attention. The interesting

electronic property of S atoms drags the electron from transition metals because of the

better high electronegativity.

Table 1.4 A comparison table for HER using transition-metal based catalyst.
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1.5.1.3 Modified carbon based electrocatalyst

Because of the associated advantages like, low-cost, surface area, tunable functionalities,
conductivity etc. associated with metal-free carbon, conventionally these have been
mostly utilized as the current collector/substrate. Now-a-days, following the recent
trends, carbons upon modification, are participating in catalyzing water efficiently. The
tuning of the electronic, physical, structural properties of carbon atoms are usually
practiced by heteroatom doping by creating the defects and functionalizing surface into
the carbon matrix. The three key elements, carbon (C), nitrogen (N), Sulphur (S) and
metal (M), necessary to produce the M—N-C/N-C/M-N-S-C/C-N-S based catalyst, which
can be synthesized using separate precursors.®® The carbonaceous material is used for
mainly two purposes: provide an excess of C atoms, and act as an electronically
conductive support matrix for the electrocatalytic active sites. The presence of an N-
containing molecule is essential to ensure the incorporation of N atoms in the
carbonaceous matrix of the support. Among them, N containing ligand molecules, which
are able to form complexes in the solution with metallic ions, have been extensively
explored. Pyrolysis is a key process, since it enables the formation of the active sites
where metallic species are strongly bonded and/or embedded in the carbon support. The
redistribution of charges modifies the atoms adsorbing sites on the carbon matrix which
boosts up the activity of pristine carbon upon the modifications of heteroatoms. As per
the previously reported data, modified/functionalized carbon were found to be much more
efficient towards OER, HER and ORR which can be further utilized in the fuel cell
technologies and metal air batteries. Because of the less corrosive nature of metal-free-
carbon, it has been utilized efficiently in alkaline HER and OER processes. It is also
noticed that upon N co-doping with other heteroatoms, the resultant co-doped carbon
materials usually are more electrocatalytic active towards ORR than the single-doped
counterpart. Binary atomic incorporation of boron, phosphorus, and nitrogen atoms
within carbon materials would result in effective improvement of catalytic activity.
Moreover, it has been investigated previously that bi-metallic catalysts produce H,O; in
significantly lower amounts compared to mono-metallic materials. Apart from single
dopant of nitrogen, metal elements, including (M=Fe, Co, Mn, Cu) are often co-doped
with nitrogen into carbon materials, forming M;—M,—N-C catalysts. Thus, doping carbon
with foreign elements, such as N, B, P, or some additional transition metals has emerged

as a very competitive candidate for outstanding catalytic performance that mostly
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attributed to optimized electronic structures.®®®” The HER activity of carbon based

electrocatalyst in different electrolyte is shown in Table 1.5 and 1.6.

Table 1.5 A comparison table for HER based-on carbon based electrocatalyst in 0.5 M H,SO,,

S.No Catalyst

1 N-doped hexagonal

carbon

N

Graphitic-C3Ng4 with
N-doped graphene

3 S-doped graphene

nanosheets
4 N/P-co-doped
carbon
5 N/S-co-doped
carbon

6 Graphitic carbon
nitride with S/Se-

co-doped graphene

7 Co/N co-doped
carbon

nanocomposites

8 Co/N co-doped

porous carbon

Overpotential

10mA/cm?
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92

265

12
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9 CoN, on carbon

10 Atomic Co in N-
doped graphene

11 Atomic Ni in
graphitic carbon
(0.1 M NaOH)

124

147

34

International Journal of
Hydrogen Energy 43(45)

Nat. Commun. 6:8668

Nat. Commun. 7:10667

Table 1.6 A comparison table for HER based-on carbon based electrocatalyst in 1 M KOH.

S.No. Catalyst
1 N-doped porous
carbon@graphene
2 N-doped mesoporous

carbon nanosheet/carbon

nanotube hybrids

3 N-doped ordered
mesoporous
carbon/graphene

framework

4 P-doped graphitic carbon
nitride grown on carbon-

fiber paper

5 N/P co-doped

Overpotential
(mV)@10mA/cm?

223

320

324

391

319
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Materials,Volume6, Issue5
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8 Fe-N-co-doped graphene 370 International Journal of
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1.6 About the thesis

The present thesis aims towards the development of sustainable energy systems, which
utilizes H, as a fuel. Using H,, we can get the energy in a renewable fashion because
when utilized in a fuel cell, H, after combustion gives only water as a byproduct. The
integration of water splitting unit and solar cell unit has been done in order to split water
in a fully renewable fashion. To generate H, from water splitting in a fully renewable and
non-sporadic way, the water electrolyser unit along with solar cell must be integrated
with some storage/battery unit, because solar cell mostly depends on climatic conditions.
The introduction of metal-air battery (MAB) is highlighted, which requires an
electrocatalyst capable of oxygen reduction reaction as well as oxygen evolution reaction.
The design and engineering of an electrocatalyst towards efficient HER, OER and ORR is
been highlighted in the thesis.

Chapter 1: Introduction

This chapter gives a glimpse of the current energy scenario worldwide and various
global challenges to accomplish the current energy demands. The introduction to
hydrogen economy and its various production methods have been highlighted. The
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advantages of using water electrolysis for hydrogen production are and the basic
mechanism is also discussed. Along with that various parameter for catalyst selection as
well as the highlights in the design and engineering of electrocatalyst are placed. An
introduction to hydrogen evolution reaction (HER), oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) and the underlying mechanism is covered in this
section of the thesis. The development of sustainable energy systems such the hydrogen
generation using solar power is considered as a highly acceptable method for energy
generation. To generate H, from water splitting in a fully renewable and non-sporadic
way, the water electrolyzer unit along with solar cell must be integrated with some
storage/battery unit, because solar cell mostly depends on climatic conditions. The
introduction of metal-air battery (MAB) is highlighted which requires an electrocatalyst
capable of oxygen reduction reaction as well as oxygen evolution reaction. The rational
design and engineering of an electrocatalyst towards efficient HER, OER and ORR is

been highlighted in this section.

Chapter 2: Material synthesis and analytical techniques

This chapter focuses on chemicals, reagents, synthesis techniques and instrumentation
utilized in the completion of thesis work. The Electrodeposition techniques, which is a
very versatile synthesis method in electrocatalyst synthesis is explained. The analytical
instrumental techniques such as Powder X-ray Diffraction (PXRD) (INST, Mohali),
Transmission Electron Microscopy (TEM) (INST, Mohali), Field emission scanning
electron microscopy (FESEM) (IISER, Mohali), Scanning Electron Microscopy (SEM)
(INST, Mohali), High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) (1IT-Bombay), Synchrotron for X-ray absorption near-edge
structure (XANES) & X-ray absorption fine structure (EXAFS) (RRCAT, Indore), X-ray
photon spectroscopy (XPS) analysis (RRCAT-Indore/lIISER-Pune), Fourier transform
infrared spectroscopy (FTIR) (INST, Mohali), Contact angle measurement (INST,
Mohali), Gas Chromatography (INST, Mohali), Nitrogen Adsorption-Desorption Studies
(INST, Mohali), Electrochemical workstation (CHI and Metrohm) (INST, Mohali),
Density functional theory (DFT) calculations were performed using Vienna ab initio

simulation package (VASP) (INST, Mohali) have utilized in material characterization.

32| Page



Chapter 1

Chapter 3: Single-phase NisP4-copper foam superhydrophilic and aerophobic core-

shell nanostructures for efficient hydrogen evolution reaction in acidic medium

This chapter provides the facile synthesis of highly durable, low-cost and robust
electrocatalyst for hydrogen generation from water in acidic media to address the existing
environmental issues as well as to provide environmental-friendly clean and green energy
supply. Electrochemical deposition of single-phase nickel phosphide on galvanostatically
deposited copper foam (Cuf@NisP4) core-shell nanostructure offers innovation in
structure designing and a new platform for novel electrocatalysts. The Cuf@NisP,
provides a superior three-dimensional conductive channel for ion transport during the
catalysis process. The catalyst exhibits an excellent electrocatalytic activity towards
hydrogen evolution reaction (HER) in acidic media. The superhydrophilic and aerophobic
property of the porous electrode helps to the in time leaving of H, gas bubbles from the
surface. Interestingly, it requires very less overpotential of 90 mV for HER at the current
density of 10 mA cm 2 A very small Tafel slope of 49 mV dec™ and a very high
exchange current density (~0.76 mA cm™) originate from large electrochemically active
surface area and fast mass and electron transfer efficiency of the Cuf@NisP, catalyst. A
theoretical study was carried out to investigate the mechanism underlying the HER
activity in Cu-supported NisP4 at an atomic-scale. DFT calculations suggest a very high
negative Gibbs free energy change (AGpx) in NisP, (0001)/Cu(111) upon hydrogen
adsorption, which is actually responsible for excellent HER activity of the catalyst.
Furthermore, it shows remarkable durability of hydrogen generation under low (10 mA
cm2) and high current density (160 mA cm™) for >84 hours with ~96% retention of
overpotential, establishing a low-cost and efficient catalyst for sustainable, future energy
generation strategy.

Chapter 4: An ultrastable self-supportive NisP4-copper foam bifunctional
electrocatalyst for solar-driven water splitting

In this chapter, an ultrastable electrode material towards the designing of self-supportive
electrocatalyst with a budget-friendly and less time-consuming method that is
Electrodeposition technique have been highlighted. This electrode worked towards
efficient hydrogen and oxygen generation in a fully renewable fashion. It is therefore
important to divulge the structural information of a catalyst in order to have the
extraordinary stable electrodes for solar-driven water electrolysis system. This chapter

discusses a facile electrochemical method for the synthesis of single-phase Cuf@NisP,4
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core-shell nanostructures for overall water splitting in alkaline media. The Cuf@NisP4
based cell shows extraordinary stability in working electrolyte for 150 h at a current
density of 10 mA cm? with 96% retention of its initial potential. The
Cuf@NisP4//Cuf@NisP, cell hybridized with a solar cell in order to demonstrate the
suitability of the concept towards a hybrid energy device and an impulsive generation of
H, and O,. This versatile system opens up a new route for the generation of green fuel
towards renewable energy applications.

Chapter 5: Electrochemical growth of bimetallic transition metal selenide as a
bifunctional electrocatalyst for water electrolysis

This chapter focuses of highly efficient electrocatalyst based on mixed transition metal
selenides, Cu,Se and CoSe, on the surface of the copper foam. The use of 3D
hierarchically dendritic porous Cuf as a substrate leads to the designing of binder-free
electrocatalyst, which benefits the overall performance of the catalyst. The mechanism for
the deposition process was investigated using the CV technique. The physical
characterizations of the catalyst were well correlated and analysed. The overpotential
attained by the catalyst was found to be superior to the state-of-the-art RuO, for OER and
comparable to Pt/C for HER. Further, after the assembly of the catalyst in a two-electrode
system, the catalyst attained a potential as low as 1.56 V at a current density of 10 mA
cm?, which is admirable as compared to other recently reported catalysts as well as Pt/C-
RuO; systems. The multistep current ramping stability demonstrated that the catalyst is
mechanically robust, which is favourable for commercialization. Further, the study of the
surface property confirmed the superhydrophilic as well as aerophobic behaviour of the
catalyst. Therefore, the catalyst is found to be highly efficient concerning electrochemical
water splitting activity. This opens up the new door of fabrication of a non-noble metal-
based catalyst for H, and O, generation.

Chapter 6: Triggering the efficiency of electrochemical water splitting by
introducing Ni-buffer layer between the copper foam and cobalt selenide

This chapter highlights the development of transition metal-based -electrocatalyst
designed via an electrochemical deposition method. The activity of the electrocatalyst has
been improved by introducing a Ni buffer layer deposition in between the Cuf and
electrochemically deposited Co-Se. The physical characterizations of the catalyst were
well correlated and analysed. The overpotential attained by the catalyst was found to be
superior to the state-of-the-art RuO, for OER and comparable to Pt/C for HER. Further,

after the assembly of the catalyst in a two-electrode system, the catalyst attained a
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potential as low as 1.52 V at a current density of 10 mA cm™, which is admirable as
compared to other recently reported catalysts as well as Pt/C- RuO, systems. The catalyst
superior stability of 107 h along with its surface property and the electrochemical
measurements have been discussed in this chapter.

Chapter 7: Synergism of binary transition metals and role of M-N-S active sites

towards efficient oxygen electrocatalysis

In this chapter, a rational design of an electrocatalyst (a binary transition metal with N-S
doped carbon matrix) towards efficient oxygen reduction reaction as well as oxygen
evolution reaction was introduced and further utilized in metal-air battery application. In
this work we successfully identified the strengthened m-electronic interaction between the
symmetry-matched orbitals of square-planar Fe and Co atoms respectively in the Fe-Co
bimetallic system, which has been so far considered as the “synergistic effect” between
the metals. The presence of M-N-S moiety in the bimetal doped carbon matrix increased
the reactivity of the metal centers by channelizing the electron flow toward the metals via
+R effect, which further triggers the electron drift from Fe?* to Co** resulting in Fe"@"™
and Co*®?®. Consequently, the so-formed metal centers have optimum binding energy
with the intermediates and account for appreciable activity toward ORR and OER. This
work thus provides elaborate chemistry of the entire structural finding as well as
mechanistic approach occurring at the active site of the Fe-Co bimetallic centers
benefitting the two important oxygen electrocatalysis reactions towards the design of
metal-air battery.

Chapter 8: Conclusions and prospects

In this chapter, the summary of present thesis work has been discussed along with the
highlights of future possibilities and applications of the catalysts.

1.7 Motivation

Fashioning a global-scale sustainable energy system for upcoming future while
preserving our atmosphere is very crucial. A geared acceleration in energy supply, to
diversify our energy sources, reducing our reliance on fossil fuels by turning to renewable
energy such as solar, wind, and hydroelectric power is very important. A sustainable,
fossil fuel-free path to producing industrial chemicals of global importance, such as
hydrogen gas, could play a substantial role in reducing carbon dioxide emissions from

earth’s atmosphere.
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In order to address this current energy and environmental challenge and issue, we tried to
develop an economical, eco-friendly, highly stable electrocatalyst for hydrogen evolution,
oxygen evolution and oxygen reduction reaction in order to generate, convert and store
energy in a fully renewable fashion. The design and engineering of an electrocatalyst to
achieve a less overpotential and ultrastable for water oxidation is highly desirable for an

electrocatalyst to be commercialized.
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Abstract: Exploration of chemical states in nanomaterials and their analysis in details
from are critical regarding the formation and applications in the frontiers of research
domains today. This thesis work includes different synthesis routes for the design and
engineering of electrocatalyst. Also, several instrumentation techniques were adopted for
material characterization and applications of the synthesized electrocatalyst. This chapter
gives an overview of the methodologies adopted in the thesis work with detailed

instrumentation techniques and formula used for the electrocatalysis.
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2.1 Introduction
Exploration of chemical states in nanomaterials and their analysis in details from are
critical regarding the formation and applications in the frontiers of research areas in the
current era.* This chapter discuss about the chemical/reagents, experimental techniques
and several evaluation techniques in the calculation of the parameters used in oxygen
evolution reaction, hydrogen evolution reaction and oxygen evolution reaction. For the
investigation of physical properties their scope in energy systems, a deep insight is
essential which can be accomplished with the help of various analytical characterization
techniques.

This chapter deals with a brief overview regarding materials, methods, formula

and characterization techniques used in this thesis work.

2.2 Reagents and materials

2.1 Reagents and Materials Chemicals Purity Source

(%)
Acetone >99.5% Merck Chemicals India
Hydrochloric acid (HCI) 36% Merck Chemicals India
Isopropyl alcohol (IPA) 97% Merck Chemicals India
Sodium dihydrogen phosphate Sigma Aldrich
(NaH,PO,-H,0)
Nickel chloride (NiCl,-6H,0) Sigma Aldrich
Sulphuric acid (H2SOy) Sigma Aldrich
Copper sulphate pentahydrate >99% Sigma Aldrich
(Cus04.5H20)
Sodium hypophosphite (NaH,PO,-H,0) Sigma Aldrich
Nickel foam Kanopy sales
Graphite plate Kanopy sales
Platinum on carbon (Pt/C) 20 % Sigma Aldrich
Copper foil 99% Gelon LIB group,

China

Iron (I1) sulphate heptahydrate 98% Sigma Aldrich
(FeSQO4.7H,0) Sigma Aldrich
Zinc acetate Sigma Aldrich
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Cobalt (1 Chloride hexahydrate Sigma Aldrich
(CoCl,.6H,0)

Potassium hydroxide (KOH) Sigma Aldrich
Selenium oxide (SeOy)

Nitric acid (HNO3) CDH, India
Potassium chloride (KCI), Sigma Aldrich
Dopamine Sigma Aldrich
L-cysteine Sigma Aldrich
Pt/C 20wt%  Sigma Aldrich
Holey carbon coated Cu grid for TEM Agar Scientific Ltd. (UK)
analysis

2.3 Experimental procedure and parameter evaluation

2.3.1 Electrochemically prepared Copper foam (Cuf) via DHBT

Electrochemical preparation of Cuf via
dynamic hydrogen bubble template
(DHBT) technique, using the hydrogen
bubbling process, considered to be most
appealing process in tailoring the
structures and morphology of porous
and dendritic branches of 3-dimensional
Cuf® The porous architecture of Cuf
actually leads to the generation of
plentiful active sites which actually

helps in the enhancement of the activity

during electrocatalysis can  thus,

considered as a versatile material which Figure 2.1. The versatile properties of the
is used for various application purposes elect_rodgposned Cuf in potential green energy
applications.

in energy field (Figure 2.1). *®Copper is
known to be a versatile material which actually helps in the design and engineering of
multi-metal catalysts, core-shell nanostructures, doping etc. which triggers the activity of

the electrocatalyst and thus is demanding in the field of energy applications. %
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The properties and the morphology of Cuf depends on several factors; (a) the state
of the metal anode which is being deposited (b) the concentration of the analytical
solution (c) the current density and the potential that is being applied for the deposition
(d) bath temperature (e) time of the deposition.'**The Cuf can be synthesized using two-
electrode (cathode/copper-working electrode and anode/copper-counter electrode) as well
as three-electrode system (cathode/copper, anode/copper and a reference electrode)
immersed in a solution containing acid and copper salt. At certain current and potential,
the hydrogen gas evolution takes place from the acidic electrolyte with the reduction of

metal ions. The possible reaction that occurs are shown in equation 2.1, 2.2 and 2.3.

M, +(aq) + ne” 2 M(s) (2.1)
2H*(aq) + 2e~ 2 H,(g) (2.2)
CuS0, + 2e™ > Cuperq + SO, 2 (2.3)

Substrate
d Cathode

Electrodeposite Electrodeposited
copper copper foam

Figure 2.2. Schematic representation depicting the formation mechanism of

electrodeposited copper foam.
The bubble formation on the Cuf electrode takes place through three basic steps:
nucleation, growth and separation. This formation of bubble is due to the reduction of
hydrogen species from the electrolytic solution. The coalescence of the small bubble
forms the larger sized bubble on the surface and gets detached until the bubble break-off
diameter which solely depends on the morphology of the electrode surface.'® The growth
and detachment of the bubble from the electrode surface causes the commotion to the
surface and thus effects the formation of porous Cuf. The conceivable paths left for the
copper ions to deposit are the areas other than or around the hydrogen bubbles, as the

bubbles blocks and insulates the surface sites. At the break off state of the bubble the
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bubble disrupts or gets apart leaving behind a void space which forms the foam like
morphology of the Cuf as shown in Figure 2.2.

2.3.2 Preparation of copper foam electrode as a substrate

Dendritic 3-dimensional copper foam was synthesized on copper foil utilized as the
substrate in a two-electrode system using galvanostatic electrodeposition method. A
cleaned copper foil (treated with 30% nitric acid followed by deionized (DI) water and
finally with acetone) with an area of 1x1 cm? was exposed an electrochemical cell
containing 0.4 M CuSOy in 1.5 M H,SO, for deposition. The pre-treated copper foil was
used as working as well as counter electrode which was kept at a distance of ~1.5 cm and
the deposition was done at a constant current density of 1 Acm™ for 45 s. The synthesized
copper foam was washed with DI water several times to remove the acidic residues on the
electrode. The method utilized here was dynamic hydrogen bubble template (DHBT)
method, where the hydrogen bubbles were utilized as the template. As fabricated Cuf
was then washed properly with DI water to remove any present acidic residue.*’

2.3.3 Electrodeposition method of catalyst synthesis

A few well known routes for nanomaterial-based electrocatalyst synthesis are:

e Carbonisation'®

e Chemical and hydrothermal/solvothermal

methods®® Reference Electrode
e Pyrolysis and high temperature reactions.? .
] . . 'g Q I 1F:> Counter electrode
But there are various problems associated with above E <‘: J—
mentioned synthesis routes such as; the catalysts are Eo o
less stable because of the use of binder, the synthesis §
approach is very expensive and also leads to

complexity, the duration for the synthesis of material

is long, high temperature requirement for the reaction

e 3
. . . C‘l'l‘odepd5
and also the reaction takes place in multistep.

Figure 2.3 Electrodeposition setup in

Electrodeposition method is preferred among all the set up in a three-electrode system.

synthesis procedures because of low cost, ease and
fast synthesis duration.?> Also, this route of synthesis result in the fabrication of self-
supporting electrocatalyst that eliminates the use of binders and eventually facilitates the

catalyst durability as well as activity.”** An advanced and very easy route for catalyst
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synthesis is a method called electrodeposition. A typical set-up of three-electrode system

used in the electrodeposition for catalyst synthesis is shown in Figure 2.3.

2.3.4 Pyrolysis

Temperature, Ramp rate, Time

ﬁ ( Pyrolysis O ‘
ecursors ;
Py s

\ Figure 2.4 Direct pyrolysis technique.

Pyrolysis is the high temperature treatment of the material in inert atmosphere (Figure
2.4). Mostly for the synthesis of metal-nitrogen-carbon/sulphur-based (M-N-C/S) catalyst
in water electrolysis is prepared via direct pyrolysis technique in order to achieve
admirable electrocatalytic activity in terms of water electrolysis. The pyrolysis of the
material in a empirical approach or we can say “Edisonian” approach which actually
requires control and several optimizations in material engineering. The synthesis of the
catalyst entirely depends on the type of precursors, temperature, time and the reaction
atmosphere. There are basically three main steps for the pyrolysis process. Below 400°C,
the N-C precursor starts to melt down and decomposes at certain ramp rate and results in
the formation of micro-pores and pathway. When the temperature increases from 400 °C
to around 900°C, the formation of amorphous carbon domain forms and reduction of
metal species takes place. Above 900°C, the atomically dispersed M-N moieties takes
place in the graphitized carbon matrix. Further, advancement in the temperature may lead
to the agglomeration of metal-nanoparticles in the carbon matrix. So, proper
optimizations are critical in direct pyrolysis for the catalyst synthesis.?**

2.3.5 Cleaning of the electrodes

The glassy carbon electrode (GCE), rotating disc electrode (RDE) and rotating-ring disc
electrode (RRDE) were polished with 1 pm, 0.3 pm and 0.05 um Alumina (Al,O3) powder
followed by washing ultrasonically with Millipore water for 3.5 min. Further purification of
the surface of the electrodes were done electrochemically by performing few cyclic
voltammetry (CV) scan in three-electrode systems in the potential range of 0 to 1.4 V in 0.5
M H,SO, at a scan rate of 500 mV/s ™2

2.3.6 Electrode modification
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The ink of the catalyst was prepared by dispersing the catalyst in a solution containing
1:1 ratio of DI water and isopropyl alcohol (IPA), after which the sonication was done for
1 h. The dropcasting of the ink on electrode was done according to the optimized mass
loading.

2.3.7 Pt/C and RuO;, modification on bare GCE

An amount of 5 mg of the commercially available Pt/C and RuO, were taken and
dispersed in a 1 mL mixed solution of water and ethanol (volume ratio = 1:1) and
sonicated for at least 1-2 h to generate a homogeneous ink. After that both Pt/C and RuO,
inks ware further dropcasted onto two separate glassy carbon electrodes with a certain
optimized mass loading.

2.3.8 Zn-air battery set-up

The homemade Zn-Air Battery were assembled using a two-electrode configuration,
where the catalyst served as the cathode, for oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) for charging and discharging, polished Zn foil of 0.25
mm was used as the anode, and 6 M KOH solution with 0.2 M zinc acetate as an
electrolyte. The dropcasting of the prepared catalyst ink in order to modify electrode was
done on the nickel foam (1 x 1) cm? electrodes which was used as current collector with
an optimized mass loading.

2.3.9 Electrochemical studies

The electrochemical performances of the catalyst were performed out in a three-electrode
system using the prepared catalyst as a working electrode, Hg/Hg,SO, (saturated K,SQOy4)/
Ag/AgCl (3.0 M) as the reference electrode and graphite rod as the counter electrode in 1
M KOH/0.5 M H,SO, solution in ambient atmospheric conditions. The potential scan
was scaled to reversible hydrogen electrode (RHE) based on the formula given below in
equation 2.4:

Erne = (ErgHg2s04 saturated) + 0.65 + 0.0591 pH) V (2.4)

To rationalize the ohmic drop imparted on the catalyst, the polarisation curves were iR
corrected (unless mentioned otherwise). There was no iR drop compensation done during
the electrochemical study carried out with two-electrode system. The electrochemical
activity for HER and OER were accomplished with the help of linear sweep voltammetry
(LSV) technique at a scan rate of 10 mVs™, and for Tafel slope analysis, the scan rate was
taken to be 1 mVs™. The surface of the working electrode was electrochemically
activated for around 25 cyclic voltammetry (CV) scan. The current obtained by the

catalyst during the electrochemical study were normalized by geometrical surface area of
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the electrode in order to calculate the current density. In order to check the stability and
mechanical robustness of the as prepared catalyst, chronopotentiometry (CP)/step CP
measurements were performed without compensating iR. The electrochemical impedance
spectroscopy (EIS) for two electrode system were conducted at a particular potential in a
frequency range of 10°-102 Hz.

2.3.10 Computational details

In order to reduce the huge computational call of the calculations, the geometry
optimization using DFT, a restraint optimization was employed. The surface atomic
coordinates were allowed to relax fully, while 2-3 atomic layers underneath the surface
layer were held at the primary positions corresponding to their bulk assembly, using the
discerning dynamics option implemented within the Vienna ab initio imitation package
(VASP)?. In all cases, a spin-polarized DFT calculation were performed with conjugate
gradient algorithm for the geometry optimization. The van der Waals’ (vdW) dispersive
interactions was performed within the DFT-D2 with a scaling parameter of 0.75
(VDW_SCALING = 0.75) and vdW radius of 30.0 (VDW_RADIUS = 30.0) with
VDW_D = 20.0 in the VASP INCAR settings. The DFT harmonic vibrational
frequencies for the zero-point energy (ZPE) and entropy, S calculation was calculated
using a finite displacement method (IBRION = 5) where the intrinsic VASP symmetry
flag (ISYM) was set to zero in order to avoid errors, which could perhaps arise from any
incorrect version of thermochemical energies with same settings for the vdW-DFT-D2
and energy threshold as used for the geometry easing.

Surface geometries for H-adsorption: In order to build a NisP4 (0001) slab
geometry, the bulk crystal of NisP, in its P63mc (186) space group symmetry was
optimized first. Upon geometry optimization, the lattice constants converged to a = b =
6.793 A, ¢ =10.983 A, which is in very close agreement with our PXRD analysis (a=b =
6.789 A, ¢ =10.986 A).

2.3.11 Calculation of the evaluation parameters in water electrolysis

2.3.11.1 Electrochemically active surface area calculation (ECSA) and roughness
factor (RF)

The surface roughness factor (RF) of electrode was calculated by measuring its
electrochemically active surface area (ECSA) from its electrochemical double layer
capacitance (Cq). Cyclic voltametery (CV) scans of the electrodes in a non-Faradaic
region 1.0 M KOH/0.5M H,SO, electrolyte at different scan rates (25 to 200 mV/s). The
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potential windows were restricted to a non-faradic region. The double-layer charging

current is equal to the product of the scan rate, v, and the electrochemical double-layer

capacitance, Cy, as given by equation 2.5:

i, = vCy (2.5)

The difference in the fitted slopes of forward and backward CV scans was used to

determine the Cyq;, which is 33.9 mF cm™.2ECSA is then calculated by dividing the Cq by

the specific surface capacitance (Csp) of electrode surface as depicted in equation 2.6:
ECSA = Cy /Csp (2.6)

The roughness factor was calculated by using formula®®

RF (catalyst) = catalyst active surface area substrate/geometric surface area

2.3.11.2 Number of electrons and %H-0O, calculation in ORR

The calculation for the number of electron (n) and hydrogen peroxide (%H,0,) during

ORR which the catalyst possesses was analyzed using RRDE measurements using

equation 2.7 and 2.8:

Ip

n=4x e (2.7)
Ir
% H,0,= 200x —N (2.8)
or1U>— IR .
N+1D

where Ip and I represent the disk and ring current, respectively. N accounts to the
collection efficiency of Pt ring, which is (N=0.249) in this case.
The Jk value can be analyzed on the basis of Koutecky-Levich (K-L) formula using

equation 2.9, 2.10 and 2.11:
1 1 1 1 1

R e (29)
B=0.62nFCyDy*/39-1/6 (2.10)
Jx = nFkC, (2.11)

J is the current density, Jk and Ji_ are the kinetic and diffusion-limiting current densities,
o 1is the angular velocity of the disk (o = 2nN, N is the linear rotation speed), n is the
overall number of electrons transferred in O, reduction, F is the Faraday constant (F =
96485 C mol™), Cy is the bulk concentration of O, 9 is the kinematic viscosity of the
electrolyte, Dy is the diffusion coefficient of O, in 0.1 M KOH (D = 1.9x10° cm? s),
and k is the electron transfer rate constant. The n value and Jk can be obtained from the

slope and intercept of the Koutecky—Levich plots, respectively.
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2.4 Instrumentation

2.4.1 Powder X-ray diffraction

For the investigation of the crystalline or amorphous nature, crystal structure and phases
present in the sample, X-ray diffraction analysis is done. A monochromatic beam of X-
ray, when incident on the sample surface, gets diffracted from the unique crystal planes
and the scattered beam of X-ray detected using the detector (digital image of the
instrument is shown in Figure 2.5a). X-ray machine utilizes a non-destructive technique.
The crystal structure calculated by utilizing Bragg’s law, introduced by W. L. Bragg in
1912. The Bragg’s equation: nA=2dsin6, where 0, A are the incident angle and wavelength
of the radiation (1.5418 A for Cu Ka), respectively. ‘d’ is the perpendicular distance

nA = 2dsin®

‘
3
w
o
2
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>
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<
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Figure 2.5 (a) A typical view of PXRD instrument (b) X-ray generation geometry.

between adjacent planes (Figure 2.5b).*

X-ray Diffraction (XRD) analysis was carried out on a Bruker D8 Advances
instrument using Cu- Ka (A = 1.5406 A) radiation in the 20 range from 5° to 80° with an
acceleration voltage of 40 KV.

2.4.2 Scanning electron microscopy (SEM)

The working of scanning electron microscope (digital image shown in Figure 2.6a) is
similar to that of optical electron microscope, however here the electrons are used as a
beam rather than light in the case of optical microscope. Using the SEM instrument, one
can see a tiny object such as red blood cells (7 um). Electron microscope encompasses
very high resolution and capture the content at the atomic level.** In SEM, the beam of

electrons, when incident on the surface of specimen and interact with its atoms and
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generates signals which contains the information regarding surface topology,
morphology, composition etc. The SEM instrument works in high vacuum. The signal
containing information were detected and processed into the image and other informative
contents. After the electron collision with specimen’s atoms, different types of signals
such as secondary electrons, backscattered electrons, characteristic x-rays as well as
transmitted x-ray are produced as shown in Figure 2.6b. The secondary electrons give the
idea about the morphology of the sample.

Surface morphology was investigated using Scanning Electron Microscopy (SEM
Jeol JSMIT300) at an acceleration voltage of 10-15 KV.

Electron beam

Backscattered
electrons

Auger
electrons

Photons

Adsorbed electrons Sample Electron-hole pairs

Elastically scattered electrons Inelastically scattered electrons

Direct beam

Figure 2.6 (a) A typical view of SEM column (left), the EDX detector (backside of column, upper
right) and gold coater unit (lower right). (b) different signal of generated from specimen upon the
interaction with e-beam.

2.4.3 Field-emission scanning electron microscopy (FE-SEM)
Field Emission Scanning Electron Microscope (FE-SEM) provides the images in ultra-
high-resolution range. The main difference between FE-SEM and SEM is the emission
source, the SEM utilizes thermionic emitter while FE-SEM uses field-emitter.*

The FE-SEM were performed using JEOL JSM-7600F (FESEM).
2.4.4 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is considered as a powerful structural and
morphological characterization technique of the sample which is enormously used in
material science. TEM working principle is same as that of optical microscope where,
high voltage electron beam is used instead of light as a source.®* In TEM thin of the
sample is been exposed to the electron beam have the same current density. The typical
acceleration voltage of the instrument is about 100-200 kV. The ejection of the electron

from the electron gun are done using three methods such as thermionic, field-emission
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and Schottky. The field emission pathways are known to provide high brightness and
coherent beam during the microscopic study. The selection of aperture and the focus of
the electron beam is done using the condenser and electromagnetic lenses. The image was
taken after the interaction of the e-beam with the sample on the fluorescent screen after
coupling with the CCD camera.

Figure 2.7 Digital image of transmission electron microscopy.

Transmission Electron Microscopy (TEM) analysis were carried out on a
JEM2100 instrument suitable for High-Resolution TEM (HRTEM) studies (Figure 2.7).
The instrument was armed with digital micrograph software for investigating selected
area electron diffraction (SAED) pattern of the sample surface. Holey carbon-coated
copper grids (Agar Scientific Ltd.) were used as the sample grid in the measurements.
2.4.5 Energy-dispersive X-ray spectroscope (EDX) and elemental mapping
The atomic information of the material is obtained from EDX analysis when coupled with
SEM/TEM. The EDX analysis is solely depends upon the atomic number of the elements
present in the sample. Basically, the elements having the atomic number higher than that
of boron is easily detected. At some special case and certain modification, the Boron can
also be detected in EDX. The EDX gives various information of material such as,
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quantification, evaluation, identification, impurity check etc. Elemental mapping was also
done using the same instrument to check the distribution of the elemental entities in the
sample.**®

2.4.6 Brunauer Emmett Teller (BET) surface area analysis

For the determination of specific surface area, surface properties and pore size
distribution of the material, the investigation of the adsorption of gas molecule on the

surface of the material is done and that investigation is accomplished using Brunauer

Figure 2.8 A typical image for surface area analyser instrument.

Emmett Teller (BET) technique (digital image of the instrument is shown in Figure 2.8).
The porosity behaviour of the material i.e. the confirmation that whether the material is
porous or non-porous is done by the calculation of volumetric N, adsorption-desorption
isotherm at 77K. International Union of Pure and Applied Chemistry (IUPAC) classified
a total six types of adsorption isotherms (Type | to V1) of adsorption isotherms according
to their characteristics. The type | isotherm is classified for the microporous materials
(pore size < 2nm) owing to high adsorption of adsorbent molecules at relatively low
partial pressure. Type Il isotherm is found in nonporous and macroporous (pore size 2-50
nm) materials.®**’

Nitrogen adsorption-desorption analysis was done at 77 K on an Autosorb iQ2

instrumental setup to examine the surface area by Brunauer Emmett Teller (BET)
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method. The samples were degassed at 160 °C for more than 12 h under vacuum
conditions. The pore size distribution was computed by the Nonlocal density functional
theory (NLDFT).

2.4.7 X-Ray Photoelectron Spectroscopy (XPS)
The X-ray photoelectron spectroscopy (XPS), gives the idea about the chemical states
and surface chemistry of the materials. This technique can be done on electrically

conducting as well as non-conducting material surface. The sample is irradiated using a

Photoelectrons

®
X-rays @@ ©

( sample |

Figure 2.9 Fundamental of X-Ray Photoelectron Spectroscopy (XPS)

monochromatic X-ray having low-energy (Al Ka or Mg Ka) under high vacuum
condition. The incident X-ray photon when hits the core level electron present in the
material, transfers the energy to the electron (Figure 2.9).%®3° This results in the ejection
of the electron from its initial ground state with certain kinetic energy associated with it.
The photo-emitted core electron is been analysed as a function of binding energy and give
the information about its chemical environment and states with their composition. The
peak position of the spectrum gives the idea about the chemical nature of the material.
The depth from which the photoelectrons are originates is <10 nm. X-Ray photoelectron
(XPS) spectroscopy was executed on a K-Alpha plus XPS system of ThermoFisher
Scientific instruments in an ultrahigh vacuum chamber (7X10°® torr) using Al-
K radiation (1486.6 eV).
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2.4.8 Fourier transform infrared spectrophotometer (FTIR)

Fourier transform infrared spectrophotometer (FTIR) works on the basis of vibration of
the molecules. Each and every functional group has their own and unique vibrational
energy, which actually helps in the identification of the bonds present in the sample. This
spectroscopy technique gives the idea about the bonds present in the sample which are
infrared active.*’

Fourier transform Infrared (FTIR) spectroscopy was performed out using Agilent
technology Cary 600 series FTIR instrument at ambient conditions. For FTIR analysis, all
the samples were mixed with KBr and then finely ground to make a pellet.

2.4.9 Extended X-Ray Absorption Fine Structure (EXAFS)
Extended X-Ray Absorption Fine Structure (EXAFS) is the measurement of energy

Extended X-ray Absorption
Fine Structure

| K-edge

Bonding information
Electronic structure

Normalized n(E)

Energy (eV)

Figure 2.10 Extended X-ray absorption fine structure

transitions from core electronic states of the metal to the excited electronic states and the
continuum. The X-ray absorption near-edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS) gives the information regarding the fine structure in
the absorption at energies greater than the threshold for electron release. These two
methods give complementary structural information, the XANES spectra (Figure 2.10)
gives the idea of electronic structure, oxidation states and the symmetry of the metal site,
and the EXAFS gives the information for coordination numbers, types, and radial
distances and neighbouring atoms from the absorbing element.*"*?

EXAFS were carried out with the dispersive EXAFS beam line (BL-9) at Indus-2
synchrotron radiation source at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India. The measurements were done in transmission mode. The

beamline consisted of Rh/Pt coated meridional cylindrical mirror for collimation and a Si
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(111) double crystal monochromator (DCM) to select excitation energy of Fe and Co K-
edges. All the spectra were measured under ambient condition. Data analysis was carried
out using DEMETER programs. Athena and Artemis codes were utilised to extract the
measured data and fit the profiles.
2.4.10 Drop size analyser
The drop size analyser, was used to investigate the surface property/hydrophilic* nature
of the catalyst and performed using KRUSS (DSA25E, 100 watt) instrument.
2.4.11 Hoffmann voltameter and Gas chromatography (GC)

In order to calculate the faradic efficiency in water splitting, water gas displacement
method was utilized using Hoffmann voltameter.*** This method for the calculation of

Faradic efficiency is done during water electrolysis. The charge and time were recorded

2H* + 2¢- H2

4H* + 4e+0, X
-

Figure 2.11 (a) Faradic efficiency calculation of H, and O, produced during

electrolysis analysis (b) A digital image of gas chromatography instrument.
for the corresponding displacement of water assembled separately in a cathode and anode
chamber. The displacement in the water level is due to the generation of H, and O, during
water electrolysis. Finally, the faradic efficiency was calculated by evaluating the ratio of
experimentally determined H,/O, and theoretically calculated H,/O,. A typical digital

image of Hoffmann voltameter during water electrolysis is shown in Figure 2.11a.
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During the water electrolysis, along with the desired gas (H./O,), there is a
probability for the presence of other gases. To check the presence of any other gases in
collected H,, Gas chromatography techniques were utilized (Figure 2.11b).

Gas chromatography experiment were performed with the help of PerkinElmer,
Arnel Engineered Solutions, Clarus 680 GC.

2.4.12 Density Functional Theory (DFT) Investigations
Density functional theory (DFT) calculations were performed within the Vienna ab initio
simulation package (VASP).?” The ion-electron exchange correlation functionals were

treated with the projector augmented wave (PAW)***

psedopotentials by considering
Perdew-Burke-Ernzerhof (PBE)*® parametrization form of generalized gradient
approximation (GGA) with a kinetic energy cutoff of 500 eV to expand the electronic
wave functions in a plane wave basis-set. A I'-centered 5x5x1 k —mesh was used for the
Brillouin zone (BZ) sampling with an energy threshold of 1 x 10™ eV for the total energy
convergence and a force tolerance of 0.01 eV/A for the ionic and electronic relaxation.
The periodic replicas of slab geometry were decoupled by considering a large vacuum
spacing > 20 A along the z-axis. Besides, the vans der Waals (vdW) correction to the
dispersive forces were explicitly treated by using Grimme’s DFT-D2 method for the
surface adsorbed geometries.

2.4.13 Electrochemical measurements

To understand the mechanism happening on the surface of the electrode material,
electrochemical techniques such as cyclic voltammetry (CV), linear sweep voltammetry
(LSV), galvanostatic charge discharge (GCD), Electrochemical Impedance Spectroscopy
(EIS), chronoamperometry (CA), chronopotentiometry (CP) etc. are performed. The
analysis is basically done using two processes; Faradic as well as non-Faradic process.
Faradic process involves the transfer of the electron/charge through the
electrode/electrolyte interface following the Faraday law in contrast other is termed as a
non-Faradic process. The occurrence of the redox reaction (oxidation and reduction) is
due to the transfer of charge through interfaces. This transfer can actually occur through
any of the path such as diffusion, convection and migration. The transfer of the charge
species greatly affected by the concentration of the reactant, time as well as distance of

the electrode as shown in the equation 2.12 and 2.13:
dq

I = ” (2.12)
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ic = —nFAK,qq [Oelectrode] (2.13)

Where, n, A and F have their usual meaning arising due to the concentration of the redox
active entities at the electrode surface.

Ficks law: In a diffusion-controlled process, the movement of the charge/ions
species depends upon the time and the distance from the electrode. The equation of the

Fick’s law™® is given as:

First law, jo=—Dy 44 (2.14)
2
Second law, % =D, % (2.15)

2.4.13.1 Electrochemical workstations
Electrochemical measurement techniques such as cyclic voltammetry (CV), linear sweep
voltammetry (LSV), galvanostatic charge discharge (GCD), Electrochemical Impedance

Spectroscopy (EIS), chronoamperometry (CA), chronopotentiometry (CP) etc. were

a

Figure 2.12 Electrochemical workstations (a) CHI 760E (b) Metrohm Autolab PGSTAT
(302N).

performed on CHI 660, CHI 760E as shown in Figure 2.12a (CH Instruments, USA) and
Metrohm Autolab PGSTAT (302N) (Figure 2.12b) electrochemical workstations. The

glassy carbon electrode (area=0.07 cm?), ring-disk electrode (RDE, 0.03 cm?) or a

rotating ring-disk electrode (RRDE, 0.1964 cm?), was modified with the prepared ink
with the required mass loading as discussed in the above section.

2.4.13.2 Two-electrode and three-electrode system configuration

The electrochemical studies were done in a standard three/two-electrode system
electrochemical cell. The as prepared electrode catalyst used as a working electrode,
Hg/Hg,SO, (saturated K,SO,4)/ Ag/AgCI (3.0 M) as the reference electrode and graphite

rod as the counter electrode in 1 M KOH/0.5 M H,SO, solution in ambient atmospheric
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conditions. In contrast, two-electrode system the electrochemical measurement are done
between the same working electrode.

2.4.13.3 The linear sweep voltammetry and cyclic voltammetry

Within a fixed potential window, the sweeping of potential is recorded at a certain scan
rate is termed as linear sweep voltammetry (LSV). The revert back of the LSV one or
many times to complete the redox process is termed as cyclic voltammetry (CV).

2.4.13.4 Impedance measurements

The electrochemical impedance spectroscopy (EIS) for three/two electrode system were
conducted at a particular potential in a frequency range of 10°-107 Hz.

2.4.13.5 Rotating ring disc electrode (RRDE) and rotating disc electrode (RDE)

The Rotating ring disc electrode (RRDE) is considered as a low-noise disc electrode used

; b !
g RRDE
]
.‘ ; Disc } 5 Ring
| electrode electrode
C
RDE
Di
eleclts::de<_©

Figure 2.13 Electrochemical workstation Metrohm Autolab PGSTAT (302N) displaying RRDE set-

up (b) a typical RRDE electrode with ring and disc electrode (c) RDE electrode.
to perform the electrochemical analysis (Figure 2.13 a). This is done under the controlled
hydrodynamic conditions.*®*" The ring and the disc in combination gives the information
regarding the reaction intermediate occurring in the experiment. The electrode configures
to rotate at different RPM depending upon the command given by the autolab software.
The rotation speed can also be controlled manually provided by the command button on
the motor control unit (Figure 2.13b and Figure 2.13c). The RDE reading is also a
hydrodynamic controlled electrochemical measurement process, but there is the absence
of ring electrode in it. RDE also measures the experiment by rotating the electrode at

different rotating speeds.
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Abstract: The facile synthesis of highly durable, low-cost and robust
electrocatalyst for hydrogen generation from water is vital to address the existing
environmental issues as well as to provide environmental-friendly clean and green
energy supply. Electrochemical deposition of single-phase nickel phosphide on
galvanostatically deposited copper foam (Cuf@NisP4) core-shell nanostructure
offers the innovation in structure designing and a new platform for novel
electrocatalysts. The Cuf@NisP,4 provides a superior three-dimensional conductive
channel for ion transport during catalysis process. The catalyst exhibits an excellent
electrocatalytic activity towards hydrogen evolution reaction (HER) in acidic
media. The superhydrophilic and aerophobic property of the porous electrode helps
to the in-time leaving of H, gas bubbles from the surface. Interestingly, it requires
very less overpotential of 90 mV for HER at the current density of 10 mA cm 2. A
very small Tafel slope of 49 mV dec™ and a very high exchange current density
(~0.76 mA cm™) originate from large electrochemically active surface area and
fast mass and electron transfer efficiency of the Cuf@NisP, catalyst. Theoretical
study was carried out to investigate the mechanism underlying the HER activity in
Cu-supported NisP, at an atomic-scale. DFT calculations suggest a very high
negative Gibbs free energy change (AGu+) in NisP4 (0001)/Cu(111) upon hydrogen
adsorption, which is actually responsible for excellent HER activity of the catalyst.
Furthermore, it shows remarkable durability of hydrogen generation under low (10
mA cm2) and high current density (160 mA cm2) for >84 hours with ~96%
retention of overpotential, establishing a low-cost and efficient catalyst for

sustainable, future energy generation strategy.
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Chapter 3

3.1 Introduction

Electrochemical generation of H, from water has become centre of attraction, as is one of
the promising approaches for the production of renewable fuels aimed at future energy
supply. Hydrogen generation is economically favorable and environmentally friendly as it
generally gives pure products, which is free from CO.*™ In addition, H, not only is
required as the starting material for fuel cells, several industries have also demand for
them as precursor materials for the production of ammonia and refining of petroleum. Till
date, several catalysts for hydrogen evolution reaction (HER) were developed, among
them, noble metal catalysts such as platinum for HER are recognized as benchmark
catalyst because of their high efficiency and low overpotential towards the
electrocatalytic reactions.>® However, due to limited resources and the expensive catalyst
cost of noble metal, transition metal (Ni, Co, Fe and Mn)-based catalysts have drawn
centre of attraction due to their performance and abundant source.

Transition metal sulfides, phosphides and selenides are mostly studied catalyst
and have drafted enormous attention in recent years.” Typically phosphorous-based
transition metal pnictide with earth abundant element nickel, nickel phosphides have
gained immense attentions as a HER catalyst owing to their high activity and stability.®**
Nickel phosphide exists several phases in the nanostructures such as NizP, NisP, NisP>,
NisP;,, NiP, and NipPs.*? Ni,P was theoretically predicted to be efficient HER
electrocatalyst even better than Pt'® and experimental validation was carried out by few
researcher.'**® Recently, NisP, crystalline nanoparticles was explored to produce H, in
acidic media.®?>#" Most of the mixed phases nickel phosphides although reported to have
good electrocatalytic activity toward HER, but some disadvantages such as uncontrolled
agglomeration, less hydrophilicity and poor contact resistance stop them for commercial
application.?? Single-phase NisP4 has proven to show better electrode kinetics than the
multiphase nickel phosphides during catalysis. Pan et al succesfully synthesized single
phase NiP2, Ni»Ps and NisP4, where they have shown that the single phase NisPy is the
best electrode material in terms of HER among other nickel phosphide based catalyst.™
This is due to the amount of positive charge on Ni (Ni®") in NisP, is more than other
nickel phosphides, which helps to achieve better catalytic performances. However,
synthesis of single-phase NisP, is still a challenge to the researchers in this field.

Strategic synthetic approaches and stepwise routes were employed to create

rational active sites to achieve superior catalytic activity of nickel phosphide.*® Several
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procedures were recently been explored such as hydrothermal, high temperature reaction
and wet chemical route/hydrothermal in combination with high temperature reaction and
electrochemical method for the synthesis of nanostructured nickel phosphide catalyst.’
However, to the best of our knowledge, there is no report on electrochemical synthesis of
single-phase nickel phosphide, for instance crystalline NisP,;, towards HER.
Electrochemical synthesis has several advantages over other methods as following: (1)
electrochemical reaction is usually one-step process; (2) it does not involve high-
temperature for phosphorization reaction; (3) diminish the reaction time and (4) self-
supported catalyst loading is possible on the electrode surface. It is established that rough
electrode surface is known to favor the electrodeposition of desired material.?
Furthermore, electrodeposited core-shell material offers synergistic effect between core
and shell that results in high efficiency of the nanostrutures.?*? Electrodeposited porous
architecture have the advantages to create hydrophilic as well as aerophobic surface,
which helps to decrease the ohmic resistance of electrode with electrolyte and fast
removing of gas bubbles from the surface.?® Taking advantage of these effects, herein, for
the first time we have explored single-phase electrochemical synthesis of nickel
phosphide (NisP;) on a galvanostatically deposited copper foam (Cuf) electrode. The
dendritic nanostructure of Cuf offers rough surface and act as template for the deposition
of NisPs. The core-shell morphology of Cuf@NisP, further shows excellent catalytic

activity towards HER in acidic medium.

3.2 Experimental

3.2.1 Electrodeposition of NisP4 on copper foam

Electrodeposition of NisP4 on Cuf was carried out under constant potential of -0.8 V in a
three-electrode system. Typically, electrodeposition was carried out in an agueous
solution of NiCl,-6H,0 (60 mM), NaH,PO,-H,O (50 mM), and NaH,PO, (0.5 M) for
different time (30, 60, 90 and 120 minutes). Previously deposited Cuf was used as
working electrode, platinum wire as the counter electrode, and Ag/AgCl (3 M KCI) as the
reference electrode for all the deposition. The as-deposited black layer of nickel
phosphide on Cuf thin film was washed thoroughly with Millipore water and stored at
vacuum when not in use.

3.2.2 Electrodeposition of NisP4 on different substrates

For comparison of the catalytic activity, electrodeposition of NisP4 on different substrate
like copper foil (NisP4/Cu foil), graphite plate (NisP4s/GP) and nickel foam (NisP4/Nif)
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Electrochemical
deposition

Figure 3.1. (a) Schematic illustration for the electrochemical synthesis of copper foam-nickel
phosphide active material and its HER activity (b) Digital photographs of electrodes (b) bare
copper foam (c) Cuf@NisP,. The deposited electrode area is about 0.5 x 0.5 cm?.

were carried out in a three-electrode system at a constant potential of -0.8 V. Before the
electrodeposition, the substrates were cleaned in their required way. All other conditions

were same as previous section for the electrodeposition of NisP4 on different substrate.

3.2.3 Electrochemical measurements
All the electrochemical characterization for HER were conducted at room temperature
(25°C) with Cuf@NisP, (0.5%x0.5 cm?) as working electrode, Ag/AgCl (3M KCI) and
graphite rod were used as reference and counter electrode, respectively. All the LSV and
CV were carried out to check the HER activity with 0.5 M H,SO, as electrolyte. All the
potentials used in this study were calibrated to reversible hydrogen electrode (RHE)
based on the formula
Erne = (Eagagel g mkeny + 0.210 V + 0.0591 pH) V

The chronopotentiometric (CP) measurements were conducted to evaluate the
durability of as prepared electrocatalyst under the same experimental conditions without

compensating iR drop. The commercial Pt/C catalysts were employed for hydrogen
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evolution, respectively as the baseline catalysts for comparison. Electrochemical
impedance spectroscopy (EIS) measurements were carried out at different overpotentials
in the frequency range of 10°-10 Hz. The polarization curve of all the catalyst was iR
corrected (unless mentioned otherwise) to minimize the effect of ohmic resistance present
at the electrode electrolyte interface and the current densities were normalized with
geometrical surface area. The iR-correction was performed according to the following
equation:

Ecorr = Emea- IRs

Where E.or is iR-corrected potential, Emea €xperimentally measured potential, and

—— Cuf@NigPy - Ni;P,(104)
—— Bare Cuf : Ni.P,(210)

Ni.P,(300)

Intensity (a.u.)

Cu (220)

ot Copper
¥ NisPy

Intensity (a.u.)

30 40 50 60 70 80
26 (°)

Figure 3.2. (a) XRD pattern of Cuf (blue) and Cuf@NisP, (red), (b) scaled image for XRD of
Cuf@NisPy, (c) selective area electron diffraction pattern of Cuf@NisP,,

Rs the equivalent series resistance extracted from the Nyquist plots at open circuit
potential.

3.2.4 Computational methodology
Density functional theory (DFT) calculations were performed within the Vienna ab initio

simulation package (VASP)?. The ion-electron exchange correlation functionals were
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treated with the projector augmented wave (PAW)*%?

psedopotentials by considering
Perdew-Burke-Ernzerhof (PBE)*® parametrization form of generalized gradient
approximation (GGA) with a kinetic energy cutoff of 500 eV to expand the electronic
wave functions in a plane wave basis-set. A I'-centered 5x5x1 k —mesh was used for the
Brillouin zone (BZ) sampling with an energy threshold of 1 x 10 eV for the total energy
convergence and a force tolerance of 0.01 eV/A for the ionic and electronic relaxation.
The periodic replicas of slab geometry were decoupled by considering a large vacuum
spacing > 20 A along the z-axis. Besides, the vans der Waals (vdW) correction to the
dispersive forces were explicitly treated by using Grimme’s DFT-D2 method for the

surface adsorbed geometries.
3.3 Results and discussion

3.3.1 Characterizations of the electrode materials

Figure 3.3. (a) SEM image of bare Cuf, (b-d) SEM images of Cuf@Ni P, at different magnifications, (e,f)
TEM images of Cuf@Ni P, reflecting core shell nanostructure of the catalyst, (g) schematic illustration
showing the core-shell nanostructure of Cuf@NiP,, (h) high resolution TEM image of Cuf@Ni.P, and

inset shows zoom version of the selected area from HRTEM image, (i-j) HRTEM images of the interface of
Cuf@Ni P, showing (001) plane of Ni P, present at the interface, (k-n) elemental mapping of Cuf@Ni_P,
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The synthesis of core-shell Cuf@NisP, electrode is schematically shown in Figure 3.1a,
the digital image of as synthesized electrodes is shown in Figure 3.1 b and c). The
electrode was synthesized by electrodeposition method in a three-electrode system at a
constant potential of -0.8 V, which is schematically shown in (details are given in
experimental section). The growth of NisP, at different deposition time (30, 60, 90 and
120 min) were performed with the aim to achieve best electrocatalytic activity of
Cuf@NisP4 and optimized time was found to be 90 minutes. All the characterizations
were conducted using Cuf@NisP4 prepared under the optimal condition (i.e deposition

time of 90 minutes). The structural analysis was investigated by X-ray powder diffraction

Figure 3.4. SEM images of electrodeposited samples at different time (a) 30 min (b) 60 min (c) 90 min
(d) 120 min. SEM images 0fNi5P4 on different substrates (e) Ni5P4/GP 1 Ni5P4 /Cu foil (g) Ni5P4 /Nif

(XRD) analysis. Figure 3.2 a,b display the XRD pattern of Cuf@NisP4, where all the
diffraction peaks are in good accordance with hexagonal structure of NisP,4
(JCPDS PDF 01-089-2588). The diffraction peaks at 26 values of 28.69°, 32.57°, 36.06°,
41.42°, 47.06°, 47.84°, 52.96°, 53.98°, 57.74°, 61.06°, 69.66°, 76.46° and 79.01° were
attributed to the planes of (103), (004), (104), (211), (300), (301), (214), (220), (304),
(107), (320), (226) and (413), respectively for NisP4. However, the diffraction peaks for
bare Cuf at 20 of 43.19°, 50.30° and 73.89° corresponds to (111), (200) and (220) planes,
respectively, for cubic lattice (JCPDS PDF 01-070-3038), which were also observed as
expected in the diffraction pattern of Cuf@ NisP,. However, the peaks of cuf@NisP,
were observed to be sifted by angle of ~0.3° with respect to the peak of bare Cuf towards

lower angle of 20 because of the uniform interfacial strain induced in the geometry of the
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core and shell originated from strong size mismatch between them.*% It confirms the
interfacial interaction of hybrid core-shell nanostructure

formation during electrochemical synthesis.®® The two small peaks are observed at 26 of
37.24° and 38.95°, which corresponds to the (111) plane of NiO (PDF 00-047-1049) and
(111) plane CuO (PDF 00-001-1117), respectively. The peak of CuO is arising may be
due the exposure of the sample to the air atmosphere and a small oxide peak of nickel
(NiO) appeared may be due to its formation in working electrolyte condition during the
electrodeposition process.**® The selected area electron diffraction (SAED) pattern
obtained during transmission electron microscopic (TEM) measurement (Figure 3.2c),
again reveals the single-phase NisP, formation on Cuf, which is well correlated with the
XRD pattern.

The surface morphological information for as-deposited Cuf and Cuf@NisP4 was
systematically investigated by scanning electron microscopy (SEM) and TEM. SEM
images of Cuf (Figure 3.3a) show honeycomb porous structure resulting from the
generation and dissipation of H, bubbles during electrodeposition process.*® Cuf@NisP,

shows similar structure like Cuf with uniformly distributed continuous macropores across

[y

1 b Bare Cuf

Number of pore/mm?2
ornergo i@’

100 105 110 115 120
Pore size (um)

] d Cuf@NisP,

Number of pore/mm?2
ormer9 oy

70 75 80 8 90
Pore size (um)

Figure 3.5. (a) SEM image of bare copper foam at a magnification of 100 um (b)
Average pore size distribution of bare Cuf (c) SEM image of Cuf@Ni5P4 at a

magnification of 100 um (d) Average pore size distribution of Cuf@Ni5P4
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the surface (Figure 3.3b-d). The TEM images of the Cuf@NisP,4 (Figure 3.3e) show the
dendritic structure of the material. A close look on the Figure 3.3e and 3.3f display the
different intensity of the layer, which arises from the transmission dependency of the
different atomic layer as schematically represented in Figure 3.3g. The thickness of the
deposited layer calculated from high-resolution TEM (HRTEM) image was 30-40 nm
(Figure 3.3f) with a core diameter of 0.4-0.8 um proves the formation of a core shell

nanostructure with copper as the core and NisP,4 as the shell. The hierarchically structured

a ’ o o
-~ z XPS Survey b % Nl 2p
" ~
< g 8| 2
oy z 8|S
= E

- 5)
“5" .S': & 2 g .Z
HEs o % I

il I ’ =

7 r—
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Binding energy (eV) Binding energy (eV)
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Figure 3.6. (a) XPS survey spectra of Cuf@NisP,, high-resolution deconvoluted XPS sspectra
for (b) Ni 2p, (c) P 2p and (d) Cu 2p.

electrode with core-shell configuration is known to show excellent electrocatalytic
activity towards hydrogen generation.?® The HRTEM study was performed with the NisP,
material at the shell (Figure 3.3h). Well-resolved lattice fringes were observed with a d-
spacing values of 0.222, 0.248 and 0.217 nm correspond to the (210), (104) and (211)
planes of NisP4, respectively. The junction of the core-shell heterostructures as revealed
from the HRTEM images shown in Figure 3.3i-j, indicates the presence of (001) plane of
NisP4, grown on the copper (111) plane. EDX mapping study was accomplished over a
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branched structure of Cuf@NisP, (Figure 3.3k-n). EDX elemental mapping study proves
the homogeneous distribution of nickel, phosphorous and copper element on the branched
structure. It is noteworthy from the mapping analysis that the more intense red (for Ni)
and blue (for P) colour at the branch structure and green colour (for Cu). The SEM
images of Cuf@NisP, at different deposition duration demonstrate the growth of NisP,
with time (Figure 3.4a-d). SEM images of electrodeposited NisP4+/GP, NisP4/Cu foil and
NisP4/Nif samples are particles in nature (Figure 3.4e-g). Although they have different
morphologies, but all the materials exhibit aggregated particles throughout the surface.
The pore size distribution (Figure 3.5) reveals that the average pore size of bare Cuf was
~110 um, which was reduced to an average pore size of ~85 um in the Cuf@NisP,,
indicates the deposition of NisP4 via electrodeposition technique. X-ray photoelectron
spectroscopy (XPS) is an important tool to ascertain the chemical states of the elements
present in the sample. As shown in Figure 3.6a, XPS survey scan confirms the presence
of Ni, Cu, P, C as well as O elements. The presence of C and O can be attributed to
surface adsorbed electrolyte ion or surface oxidation of the material.'* The high-
resolution XPS spectrum of Ni 2P were employed to detect the metallic and oxidized
peak corresponding to Ni 2Pz, and Ni 2py;, (Figure 3.6b). Interestingly, two metallic
peaks of Ni (Ni®") corresponding to 853.4 and 870.3 eV were identified.>"°The spectrum
of Ni 2P also indicates the presence of peaks at 856.8 (oxidized Ni) and 862.3 eV
(satellite) for Ni 2ps/, and at 875.6 (oxidized Ni) and 880.2 eV (satellite) for the Ni 2py.,

energy level.!

The high-resolution spectrum of P 2p for the Cuf@NisP, where the peak
at 129.9 eV was assigned to the P 2ps;, and P 2p;,, whereas the peak at 133.4 eV was
attributed to the oxidized P species (Figure 3.6¢). The XPS spectra of copper present as a
core in Cuf@NisP, (Figure 3.6d), indicates three main peaks at 932.1, 934.5, and
953.7eV, which are attributed to metallic Cu (Cu®"), Cu 2ps (oxidized Cu) and Cu
2p12(oxidized Cu), respectively. The three peaks with binding energy appeared at 939.1,
942.4, and 962.4eV were attributed to the satellite peaks of the Cu 2ps;, and 2pip,
respectively.3¥4

3.3.2 Electrochemical characterizations

Electrocatalytic activity of the as-prepared catalyst was evaluated by means of HER in
0.5 M H,SO,. There are only few reports in the literature on single-phase synthesis of
NisP, used for generation of H,.2*?* However, all the reports either failed to achieve high
exchange current density or did not perform for long time in acidic medium. In order to

assess the electrocatalytic activity of as-prepared Cuf@NisP,4, systematic electrochemical
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characterization for HER was performed. All the potential used here are converted to
reversible hydrogen electrode (RHE) unless mentioned otherwise. The polarization curve

of electrodeposited nickel phosphide on Cuf at different deposition duration (Figure
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Figure 3.7. (a) Linear sweep voltammetry of as prepared catalyst for different deposition time at a
potential of -0.2 V vs RHE (b) Calculated exchange current densities of Pt/C and Cuf@NisP, by
applying extrapolation method to the Tafel plots. (¢) CV scans of Cuf@NisP, in a non-Faradic region
at different scan rates (d) Linear fits of current densities at different scan rates (e) Electrochemical
impedance spectroscopy of as prepared catalyst for different deposition time at a potential of -0.2 VV vs
RHE

3.7a), which clearly shows that 90 min deposition time gives the best HER activity in
terms of overpotential and chemical kinetics. Further deposition (120 min) inhibits the

charge transfer between Cuf and NisP,4, which weakens the catalytic performances of the
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electrode. Electrode with larger exchange current density needs less driving force
(smaller current density) to conduct the HER.™ The exchange current density of
Cuf@NisP4 were calculated to be 0.76 mA cm™ by extrapolating linear part of Tafel plot
to X-axis and it was found to be very close to that of the exchange current density of Pt/C
(1.00 mA cm™) in 0.5 M H,SO, (Figure 3.7b). The exchange current density achieved by
Cuf@NisP4 were highest in comparison to the recently reported nickel phosphide based

41-44

electrocatalysts (Table 3.1). The exchange current density is usually expressed in
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Figure 3.8. (a) HER Polarization curves of bare Cuf, NisP,/Cu foil, NisPs/GP, NisP,/Nif,
Cuf@NisP, and Pt/C catalysts recorded at a scan rate of 10 mVs™ (b) Bar diagram depicting the
comparison of overpotential and exchange current density of previously reported Nickel
phosphide based electrocatalyst. (c) Tafel plots of bare Cuf, NisP4/Cu foil, NisP4/GP, NisP,/Nif,
Cuf@NisP,4 and Pt/C (d) Cyclic voltammetery response of bare Cuf and Cuf@NisP, at a scan rate
of 100 mVs™ (e) Nyquist plot of bare Cuf and Cuf@NisP, recorded at -0.2 V (vs RHE), inset
shows the equivalent circuit used to fit the EIS data. All the experiments were performed in 0.5 M
H,SO, solution.

terms of projected or geometric surface area and depends on the surface roughness or
roughness factor of the catalyst.® The porous nature of the nanostructure offers high
electrochemically active surface area (ECSA) and lead to more electrochemically active
sites that undoubtedly helps to improve the electrocatalytic activity.* A comparative
cyclic voltammetry (CV) scan were performed to calculate the ECSA and roughness
factor (RF) of Cuf@NisP4 (Figure 3.7c). The CV response obtained from Cuf@NisP, at
different scan rate in a non-faradic region (0 to 0.1 V) and corresponding scan rate verses
anodic and cathodic peak current for the calculation of double layer capacitance (Cqj)

value are shown Figure 3.7d. The EIS of nickel phosphide deposited on Cuf for different
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time (Figure 3.7e), clearly indicates that the minimum R of Cuf@NisP4 with 90 min
deposition time obtained as compared to the other catalyst. The low Rs and R value of
Cuf@NisP, ensues the fast charge transfer kinetics between the catalyst and the
electrolyte as well as catalyst to the electrode, which facilitates the faster reaction rate. It
is generally accepted that small values of Rs correspond to close contact between current
collector and catalysts. Figure 3.8a displays the obtained polarization curve for Pt/C,
Cuf@NisPs, NisP4/GP, NisP4/Cu foil, NisP4/Nif and bare Cuf at a scan rate of 10 mVs ™.
The Cuf@NisPcatalyst attained an overpotential (1) of 90 mV at a current density of 10
mAcm2, which is 239 mV positive than bare Cuf, 148 mV positive than NisP,/GP, 113
mV positive than NisP,/Cu foil, 36 mV positive than NisP4/Nif and 63 mV negative in
comparison to Pt/C. Interestingly, the Cuf@NisPcatalyst displays a n of only 164 mV
even at very high current density of 100 mAcm™. It is noteworthy to mention here that
the achieved overpotential of Cuf@NisP, is very low compared to the previously reported
data on Nickel phosphide based electrocatalyst (Table 3.2).1°?2#* The excellent
electrocatalytic activity of Cuf@NisP, reveals the important role of core shell
nanostructures of the catalyst and confirms that the surface nickel phosphide (shell)
exploited copper (core) in terms of porosity and surface area, resulting in superior
catalytic performance of such a core/shell nanostructures. The HER electrocatalytic
activity crucially depends on the uneven electrode surface.”® A comparative table for
exchange current density and overpotential in context with recently reported catalyst is
shown in Figure 3.8b. The corresponding Tafel plots were employed to determine the
kinetics of the HER rate for different catalysts (Figure 3.8c). The Tafel slope for
Cuf@NisP, derived from the Tafel plot was found to be of 49 mV dec ™, which is less
than that of NisP4/Cu foil (slope= 93 mV dec ), NisP4/GP (110 mV dec %), NisP./Nif (87
mV dec?) and bare Cuf (150 mV dec™) that determines better kinetic rate of
Cuf@NisP4 for hydrogen generation. However, tafel slope of Pt/C was found to be 27 mV
dec™. The ECSA was calculated and found to be 423.5 cm? by considering the Cq of 33.9
mF cm and specific capacitance (Csp = 0.02 mF cm?) of Ni surface in 0.5 M H,SO,
electrolyte (Figure 3.8d).*” The roughness factor was calculated to be 1694, which is very
high and outperforming state-of-the-art catalyst reported till date.”*>' To study the
electrode kinetics (charge transfer behavior), electrochemical impedance spectroscopy
(EIS) of bare Cuf and Cuf@NisP4 (Figure 3.8e) were recorded at -0.2 V (vs RHE). An
equivalent circuit model was employed to fit the Nyquist plot as shown in the inset of

Figure 3.8e. Interestingly, Cuf@NisP, possesses a very small solution resistance (Rs =
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2.59 Q) indicates a less interfacial resistance and superior catalytic activity of the as-
prepared catalyst. A charge transfer resistance (R;) of

Cuf@NisP4 were only 3.62 Q (give rise to rapid charge transfer kinetics), which is much
lower than that of bare Cuf (Ri=20 Q).

Table 3.1 Comparison of Exchange current density between Cuf@NisP: and recently reported

catalyst.
Catalyst Onset Overpotential Tafel Exchange References
potential mV@mAcm- slope current density
(mV) (Alcm?)

Ni12Ps/ 380 - 270 4.5x10°® ACS Energy Lett.

GCE 2016, 1 (6), 1192-
1198

Ni12Ps/ 80 208@10 75 2.857x10° J. Mater. Chem. A

GCE 2015, 3 (4), 1656-
1665

Ni.P/ GCE 62 137@10 49 4.592x10°° J. Mater. Chem. A
2015, 3 (4), 1656-
1665

NisP3 /| 34 118@10 42 5.702x10°° J. Mater. Chem. A

GCE 2015, 3 (4), 1656-
1665

Ni2P/ Ti foil 130@20 46 3.3x10° J. Am. Chem. Soc.
2013, 135 (25), 9267
9270

Ni:P/ GCE | 75 172@10 62 7.1x10°% RSC Adv. 2015, 5
(14), 10290-10295

Cuf@ NisPs 54 90@10 49 76x10° This work

3.3.3 Wettability

During the catalysis process, plenty of bubbles generates from the surface of the electrode
that blocks electrolyte diffusion and increase ohmic resistance between electrode and
electrolyte interfaces, which decreases the electrochemical active surface area and
eventually leads to degradation of catalytic performance. To overcome this challenge, it is
greatly required to design a fine surface catalyst which is hydrophilic as well as
aerophobic in nature. ** To understand the hydrophilicity of as synthesized catalyst, the

wettability analysis on the surface of the Cuf@NisP, electrode was performed by
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measuring the contact angle of water drop on the surface of the catalyst. Figure 3.9a
shows that the droplet imposing no contact with the surface of Cuf@NisP4 and when the
drop falls on the surface, the Cuf@NisP, catalyst absorbed liquid drop instantly (figure
3.9b) with a contact angle of 0°, indicating that the material is superhydrophilic in nature.

a [iyarophitcn b

Drop Drop absorbed

at n=60 mV at n=130 mV

R OT OIS O

LSV stopped

S0S0505S / ¢ )

Figure 3.9. Wettability test of Cuf@NisP, surface (a) before and (b) after putting liquid drop with contact
angle 0 degree. (c-e) Optical images with scheme at bottom panel showing the bubble formation behavior
on Cuf@NisP, surface at different overpotential and at the end of LSV.

The aerophobic study of the catalyst were also done by analysing the bubble formation
during and after the LSV run, demonstrated in figure 3.9c-e. The aerophobic nature of the
foam-like Cuf@NisP, core shell nanostructure provides an abrupt renewal of gas bubbles
(as schematically shown in the bottom panel of Figure 3.9),>® which helps in increasing
the efficiency of the catalyst towards hydrogen evolution. When the HER process just
started the average size of the bubbles forms on the surface were ~200 um at an
overpotential of ~60 mV and the size started increasing and observed to be ~300 pm at an
overpotential of ~130 mV, which is due to the rapid renewal of the minor gas bubbles and
interestingly, when the LSV was stopped it has been observed there only few bubbles

which were trapped in to the pores were seen resembling the superior areophobic
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behavior of the catalyst. The superhydrophilic and aerophobic nature of the sample
originated from fine nanostructures and proper material selection is crucial for HER
electrocatalysis.

3.3.4 Theoritical investigation

To ascertain the origin of high electrocatalytic activity in the as- synthesized materials
and deepen the understanding of the HER mechanism, density functional theory (DFT)
calculations have been performed. As established, the electrochemical reduction of ionic
hydrogen on metal-catalyst surface is a combination of hydrogen adsorption process
called as VVolmer reaction step followed by either Tafel or Heyrovsky reaction mechanism

for H, desorption (see supporting information for details).
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Figure 3.10. (a-b) A top and side view of H* adsorption over the 3-fold Ni site of NisP, (0001)/Cu(111)
(site I). (c-d) H* over the on-top P site of NisP, (0001)/Cu(111) surface (site I1). The differential ground
state charge density distribution around the adsorbate (H*) is at an isolevel of 0.59 x 10-2 e/A3. (e) Gibbs
firee energy change (AGH*) of reaction intermediate (H*) on different metal-catalyst surface.

83|Page



Chapter 3

Table 3.2 HER performance comparison between Cuf @NisPs and recently reported catalyst in 0.5M

H,S0;

Catalyst

NisPy

NisPson

Nickel foil

NisPs+NipP NS array/Ni

Foam

Ni;P / Ti foil

NixP-
G@NF/Graphene/Ni
foam

NiP2NS/ carbon cloth

NinPs hollow

spheres/Glass carbon

Ni2P NRsNi/NF

NinPs/Ti

Ni>P/Ni foam

NiP> NW/NF

NinPs NiP/NF

Ternary NizxCo:P

Electrolyte

1 MH:SO0s

0.5 H2SO4

0.5
HaS0s
0.5
HS04

HaSO04
0.5
H2S04

0.5

HaSOs

HS0s
05
H2S04

H2S0s

0.5
H2S04

M

M

Overpotential
(mV)@10
cm?

24

mA

140

120

75

144

131

107

-120

67

73

Overpotential
(mV)100 mA cm’
2

200

180

170

300

164

Tafe slope References
(mV/dec)

27 Energy  Emvivon.
Sci. 2015 8 (3)
1027-1034

46 Angew. Chemie Int.
Ed 2015 54 (42)
1236112365

79.1 Angew. Chemie it

Ed 2015, 54(28)

46 J. Am. Chem. Soc.
2013, I35 (25)
92679270

30 J. Mater. Chem. A
2015, 3 (5), 1941
1946

51 Nanoscale 2014, 6
(22), 1344013445

46 J. Mater. Chem. A
Maer. energy

Sustain. 2016, 4

9755-9759

Chem. Commuon.

2015, I, 3-6.

63 ACS Appl Maer.
Imterfaces 2015, 7
(4), 23762384

68 ACS Appl Mater

Interfaces 2015, 7

(4). 23762384

Nanoscale 2017, 9

(13), 44014408

RSC Adv. 2016, 6

(109), 107859

107864

106.1

109

708

Adv. Fumet. Mater.
2016. 26 (23), 4067—
4077
50 Adv. Fimet. Mater.
2016, 26 (37), 6785—
6796

588
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Gu» = Eags. + AEzpg — TAS
The H* (where * refers to the atomic hydrogen over catalyst surface) is the rate
determining step for proton adsorption in acidic medium. To estimate the hydrogen
adsorption energy (Eags) and Gibbs free energy change (AGyp=) of reaction intermediate,
H*, different metal-catalyst surfaces have been explored using the computational
hydrogen electrode model proposed by Ngarskov et al.>* as follows, Eags. = Esufacesrt —
Esurface - ¥2 En2

where Eags, IS the hydrogen adsorption energy on metal catalyst surface, Esyrface+n
and Egurrace, total ground state energy of H adsorbed surface and pure metal catalyst
surface, whereas Ey, is the energy of H, molecule in the vacuum gas-phase state. AEzpg
and AS are the zero-point energy and entropy difference between the adsorbed state (H*)
and molecular gas-phase state of hydrogen (H,), and T is the absolute temperature (T =
298.15 K in our calculation). The zero-point energy (Ezpe) of H exposed surfaces has
been evaluated from the harmonic vibrational frequencies at 0 K. The entropy of H
adsorbed surfaces are found to be very small in our calculation (Table 3.3) and hence, can
be safely ignored by assuming the entropy of H, molecule, AS = -1/2 AS(H,) = -64.915
J.mol™ K™ in the standard gas phase state at a pressure of 1 bar, temperature 300 K and
pH = 0.
In order to explore the HER activity of pure NisP, (0001) and NisP4 (0001)/Cu (111)
hybrid catalyst surface, several hydrogen adsorption sites around the surface Ni and P
atoms in the optimized geometry of NisP4 (0001) have been considered to screen out the
most probable ones. As demonstrated in Figure 3i-j, the (001) plane of NisP, is present at
the Cuf@NisP, interface. The 3-fold Ni hollow site (site 1) and on-top P site (site 1) turns
out to be the two favorable hydrogen adsorption sites with binding energies -0.54 eV and
0.21 eV, respectively.

These adsorption sites have been used for further studies on NisP, (0001)/Cu
(111) hybrid interface structure with Cu (111) surface underneath the NisP, (0001)
surface. Figure 3.10 a-b shows the adsorption geometry of H* on 3-fold Ni site (site I) of
NisP; (0001)/Cu (111) with a binding energy of -0.79 eV, which is the highest among all
the surfaces explored in this study, indicating the importance of Cuf support in facilitating
the HER activity in NisP, nanostructures. Similar to the hydrogen adsorption over the on-
top P site (site 1) of NisP4 (0001), the interface structure of NisP, (0001)/Cu (111) also
exhibits a positive H binding energy of 0.16 eV with a strong delocalization of valence

charge density around P atom, as shown in Figure 3.10 c-d.
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Figure 3.11. (a) Chronopotentiometric curve of Cuf@NisP, at current density of 10 mA cm 2 and 160 mA
cm?, inset shows the SEM images obtained before and after test. (b) LSV of Cuf@NisP, before and after
chronopotentiometric test. Elemental mapping of Cuf@NisP, obtained (c) before and (d) after 84 h
chronopotentiometry test.

The Gibbs free energy change (AGy+) of reaction intermediate, say H*, is a well-
known descriptor of HER activity of any adsorbate (1/2 Ey; in this case) over a metal-
catalyst surface. According to Sabatier principle, a good catalyst should have a AGpx
value as close as possible to 0 eV. The Gibbs free energy change (AGp~x) of reaction
intermediate H* on different metal-catalyst surface. The NisP, (0001) and NisP,
(0001)/Cu (111) surface with H* adsorbed over the 3-fold Ni site (site 1) exhibit a
negative value of AGy~, favoring the HER activity (Figure 3.10 e). Besides, the negative
value of AGy+is found to be much higher (-0.52 eV) for NisP, (0001)/Cu (111) surface as
compared to the value of -0.18 eV for the NisP, (0001) surface. It is attributable to very
high negative adsorption energy, Eags. = -0.79 eV of H* over the NisP, (0001)/Cu (111)
surface and a localized charge density distribution around the 3-fold Ni site of adsorbate,
which strongly binds the atomic hydrogen to its surface (Figure 3.10 a-b). While for H*
at the on-top P site of NisP, (0001) and NisP, (0001)/Cu (111) surface, a very high
positive value of AGy~ indicates a much weaker binding of H* or ease in the desorption
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of hydrogen, resulting in a much lower HER activity. The adsorption geometry of H* on
3-fold Ni site (site 1) of NisP4 (0001)/Cu (111) with a binding energy of -0.79 eV, which
is the highest among all the surfaces explored in this study, indicates the importance of
Cuf for the deposition of NisP4 nanostructures towards HER activity. The high value of
H-binding energy is resulting from the charge transfer between Cu (111) and
NisP4 (0001), as the interface is chemical in nature. The interfacial study of the
Cuf@NisP, was validated by the interfacial charge density distribution. The interface
between Cu and NisP4 is found to be chemical in nature as shown in Figure 3.10f. The
charges accumulating at the Cuf@NisP, interface is transferred from the portion of Cu
(111) surface, which in turn, gets depleted. The charge density difference distribution has
been calculated via Ap = p [interface system] - p[Cu (111)] - p[NisP4(001)]. This
calculation is based on the explicit inclusion of vDW-D3 dispersive interactive forces,

which accounts for the long range electronic interactions in surface geometries.

Table 3.3 Thermochemical energies of reaction intermediate (H*) over different metal surfaces and zero-

point energy of H, molecule in gas-phase state at standard condition.

H* on metal-surface E:zee (eV) Entropy, S (eV/K) AGg- (eV)
Pt(111) 0.287 0.0037 -0.26043
Cu(111) 0.381 0.00302 0.03261
NisP4(0001)_3-fold_Ni (site I) 0.430 0.00168 -0.18728
NisP4(0001) on-top_P (site IT) 0451 0.00171 0.59461
NisPs(0001)/Cu(111)_3-fold_Ni (site I) 0.345 0.00126 -0.52339
NisP4(0001)/Cu(111)_on-top_P (site IT) 0372 0.00131 046225
H: (gasphase) 0.275

Electrochemical stability or durability of the catalyst in working electrolyte is the
important parameter that one should look for in the catalyst. The chronopotentiometry
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test was performed to check the durability of Cuf@NisP, catalyst at a low (10 mA cm™)
as well as high current density (160 mA cm™) in 0.5 M H,SO, for 84 hours. As
demonstrated in Figure 3.11 a, the electrocatalyst showed excellent stability performance
with ~96% retention of overpotential even at a high current density of 160 mA cm™. The
LSV pattern of the Cuf@NisP, catalyst was recorded before and after
chronoamperometry study and found that minute change in the overpotential as shown in
Figure 3.11 b, indicates excellent durability of the catalyst. In order to check the
structural integrity of the catalyst during stability, SEM (Figure 3.11 a, inset) as well as
elemental mapping analysis (Figure 3.11 c-d) were performed before and after the
chronoamperometry test. SEM study confirms the morphology of the catalyst does not
get altered upon continuous evolution (84 hrs) of hydrogen gas. Elemental mapping
further reveals the presence of Ni, Cu and P even after 84 hours of chronoamperometry
test, which conclude the structural integrity and superior durability of the Cuf@NisP,
catalyst. The ultrathin deposited layer (30 nm) of the catalyst on the copper foam could
increase the contact areas between them and thus decrease the average stress suffered by
the hosts upon H; generation ensuring excellent structure integrity during continuous gas
evolution by the as prepared catalyst. Excellent durability along with outstanding
catalytic activity of the catalyst opens a new way towards the electrochemical generation
of hydrogen.

3.4 Conclusions

In summary, we present here a simple electrochemical approach to design a single-phase
NisP4 catalyst deposited on galvanostatically-grown Cuf nanoarchitecture. The core-shell
Cuf@NisP,4 catalyst has shown high catalytic activity towards HER in acidic medium
with very less overpotential and superior exchange current density. The high ECSA and
excessive roughness factor that originates from foam-like surface of Cuf is essentially
responsible for high electrocatalytic activity of the catalyst. DFT calculations elucidate
the origin of a very high negative Gibbs free energy change (AGux) In NisPy
(0001)/Cu(111) upon hydrogen adsorption. It arises due to a localized charge density
distribution around the 3-fold Ni site of adsorbate, which is favorable for HER activity of
the catalyst. The superhydrophilic and aerophobic nanostructured surface is actually
helping by reducing the contact resistance and fast releasing the air bubble during the
catalysis process. Moreover, the Cuf@NisP, catalyst shows long-term durability of 84

hours measured by chronopotentiometry test at a low and high current density with ~96%
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retention of initial overpotential and preserving structural consistency, which strongly

indicates the superiority of the catalyst. This study opens up a new route for the synthesis

of efficient and robust catalyst towards the generation of H; in a cost-effective and less

time-consuming pathway, which will have encouraging applications in renewable energy

future.
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Chapter 4

Abstract: Ultrastable electrode material for spontaneous fuel production by
electrochemical water splitting has received tremendous attention, because the
conventional water electrolysis system is not fully renewable, as it needs power from
non-renewable sources. The designing of self-supportive and ultra-durable electrocatalyst
with budget-friendly and less time-consuming method is therefore extremely necessary to
split the water into hydrogen and oxygen. It is therefore important to divulge the
structural information of a catalyst in order to have the extraordinary stable electrodes for
solar-driven water electrolysis system. This paper reports a facile electrochemical method
for the synthesis of single-phase Cuf@NisP4 core-shell nanostructures for overall water
splitting in alkaline media. The Cuf@NisP4 based cell shows the extraordinary stability in
working electrolyte for 150 h at a current density of 10 mA cm™ with 96% retention of its
initial potential. The Cuf@NisP4//Cuf@NisP4 cell hybridized with a solar cell in order to
demonstrates the suitability of the concept towards a hybrid energy device and an
impulsive generation of H, and O,. This versatile system opens up a new route for the

generation of green fuel towards renewable energy applications.
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4.1 Introduction

Presently, world is facing energy crisis, global warming and climate change due to
excessive use of fossil fuels.? Thus, to avoid such serious issues, a route for the
development of completely self-sustainable green energy technology is highly
appreciated. Integrated self-powered ultrastable water electrolysis system with
sustainable power harvester system is in immense appeal from society to meet the
production of green fuel demand.>* The fuel generation from electrolysis of water (H,O
2 H, + 1/20,, E; = 1.23 V) is no doubt renewable in nature®®, but the electricity
required to split water is still considered from non-renewable energy homes. An
alternative way to overcome this problem is to use a self-powered system that harvest
ambient energy to generate power, which can be integrated with the water electrolyzer.®
% There are several forms of energy available in the environment for producing
electricity, like mechanical, solar, thermal and wind energy, those are of the recent
research interest for long-time need towards clean and sustainable fuel generation.'>*°
The efficient and influential source of energy is solar energy for the production of
electricity.’” The photovoltaics units when coupled with electrolysers for direct
conversion of solar energy into hydrogen fuel is a best choice for energy conversion
systems.'**?!® The proposed electrocatalyst efficiently splits water utilizing the power
coming from solar panel when illuminated in a very stable way. Sivanantham et. al.
demonstrated full water splitting electrolyzer using the catalyst hierarchical NiCo0,S,4
nanowire arrays on Ni foam using commercially available GaAs based thin film solar cell
for the first time, but the current density achieved in that case was very less.'® Another
example for electrochemical full water splitting using solar energy was represented by Ali
Han et. al. where they have shown Janus like CusP@NF electrode and the catalytic
current density of 10 mA/cm? were achieved at 1.7 VV when the potential was supplied
using solar cell.** Overall water splitting is a thermodynamically arduous reaction and
demands enormously efficient and active electrode materials that considerably accelerate
the sluggish kinetics of two half reaction occurring at both cathode (HER) and anode
(OER) simultaneously.?® % Electrocatalysts, the heart of electrochemical water splitting
system, is preferable to be bifunctional in nature, have been attracted immense research
interest since a decade. There are two critical points that should be considered for the
development of water splitting catalyst with respect to commercialization and industrial

applications. First, the electrocatalyst needs to meet the criteria of self-supportive to the
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electrode that should work at high current densities.”® Second demanding criteria is the
mechanical robustness and ultralong stability without changing its chemical
composition.?*# Many transition metal-based phosphides, selenides, sulphides, nitrides,
628 have been reported recently that partially meets the benchmarks. However,
conventional route for the development of an electrocatalyst involves sol—gel
processing®, dip-coating®, spray pyrolysis®, hydrothermal synthesis®! that involved
long-time synthetic approaches, high temperature pyrolysis methods, complicated
reaction kinetics and multistep process, even though most of them are not self-supported
at the current collector. Moreover, most of the conventional electrocatalysts experienced
with the corrosion by oxide formation during long time cycling, which hinder their use in
commercial sector. Therefore, there is a vital need from industry for the rational
development of self-supportive non-precious electrocatalyst for overall water splitting
that can work at high current density and ensure ultralong lifetime. Herein, a facile
electrochemical route is developed for the synthesis of single-phase NisP4 nanofilm that
was self-supported on galvanostatically grown copper foam/copper electrode. The core-
shell architecture of Cuf@NisP, was exploited as bifunctional electrocatalyst for
evolution of H, and O, from water in alkaline medium for 150 hours. Electrocatalyst,
Cuf@NisP4 having core shell nanostructures and due to the difference in the geometry
between the core and the shell there is a synergistic effect between them produces.
Because of the interfacial mixing of two phases and strong size mismatch between the
core and the shell, a large interfacial strain induces. This effect decides the kinetic rate of
the catalyst and thus improves the catalytic activity.*>** The advantage of the
Cuf@NisP4//Cuf@NisP4 cell over the other state-of-the-art cells as well as Pt-C//RuQ; is
that it not only has comparable overpotential but also unveiled the long-term durability,
which is the main challenge for commercialization. The electrochemical cell was then
autonomously hybridized with solar cell to make it a renewable system for long-time fuel
generation.

4.2 Experimental section

4.2.1 Synthesis and modifications of different electrocatalyst materials

The Cuf@NisP, electrocatalyst was prepared by electrochemical approach following our
recent report.®® Briefly, first copper foam was prepared from H, bubble templated
electrodeposition method®*", which is the finest way to synthesize any porous material.

The electrodeposition of NisP4 on copper foam (Cuf) was galvanostatically deposited at a
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constant potential of -0.8 V (vs Ag/AgCl) for the duration of 90 min with three-electrode
electrochemical cell in an aqueous solution containing NiCl,.6H,O (60 mM),
NaH,PO,.H,O (50 mM) and NaH,PO, (0.5 M). The electrochemical cell consists of
Cu/Cuf as the working electrode, platinum wire as the counter electrode and Ag/AgCl (3
M KCI) as reference electrode. Similar deposition conditions were followed for the
deposition of nickel phosphide on different substrates such as copper foil (NisP4/Cu),
graphite plate (NisP4/GP) by keeping the area constant (1x1 cm?) in order to compare the
activity of the catalyst.
4.2.2 Assembling of solar cell-water electrolysis hybrid system
Solar cell-water electrolysis hybrid unit was assembled using 6 V solar cell illuminated
by a solar simulator Xenon lamp. The solar cell was wired in series with the water
electrolysis unit. The electrochemical cell (EC) was composed of electrode Cuf@NisP4
serving as both cathode and anode in 1 M KOH electrolyte. The H, and O, gas formation
were observed when the light illuminated the solar panel. The electrochemical responses
of water splitting upon hybridization were recorded using CHI 760E workstation.
4.2.3 Electrochemical activity towards catalysis
The electrochemical activity of the catalyst was tested in a three-electrode system with
Cuf@NisP, (1x1 cm?) as the working electrode, graphite rod as the counter electrode and
Hg/Hg,SO, (saturated) as the reference electrode in 1M KOH at ambient conditions. For
comparison of the catalytic activity, electrodeposition of NisP, on different substrate like
copper foil (NisP4/Cu), graphite plate (NisP4/GP) was carried out in a three-electrode
system at a constant potential of -0.8 V. The response of bare Cuf and noble metal like
Pt/C (HER) and RuO, (OER) were also recorded for the comparison. All the potentials
used here were calibrated to reversible hydrogen electrode (RHE) based on the formula:
Erug = (EHg/Hg2504(saturated) + 0.65 +0.0591 pH) |4
Polarization curves were iR corrected (unless mentioned otherwise) within the electrolyte.
The catalysts were activated by the minimum of 20 CV cycles scan till the stabilization of
the active surface area at a scan rate of 100 mV s™ The HER and OER measurements
were carried out by linear sweep voltammetry at a scan rate of 10 mVs™. All the current
obtained were normalized by the geometrical surface area. The ohmic drop of the
catalytic activity was corrected by compensating iR drop manually by obtaining the R
(solution resistance) value through EIS at an open circuit potential. For the analysis of

durability of the catalyst chronopotentiometric (CP) measurements were conducted under
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the same experimental conditions without compensating iR drop. Electrochemical
impedance spectroscopy (EIS) measurements were carried out at a potential of 1.56 V vs
RHE in the frequency range of 10°-10 Hz.

4.3 Results and discussion

4.3.1 Physical characterizations

Self-powered
water electrolysis
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Figure 4.1. (a) Schematic illustration of Cuf@NisP, as bifunctional electrocatalysis its
hybridization and (b) Scanning electron micrograph (SEM) of Cuf@NisP,. (c) Transmission
electron micrograph (TEM) of Cuf@NisP,. (d) Schematic illustration of electrodeposited
Cuf@NisP, showing dendritic branch (e-g) HRTEM (h) XRD and (i) XPS survey of
Cuf@NisP,. (j-m) Elemental mapping of Cuf@NisP, taken from TEM
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The synthetic approach and the hybrid unit are schematically represented in Figure 4.1a.
The morphology of the electrodes was first analyzed by scanning electron microscopy
(SEM). The SEM image for the electrochemically grown NisP, on Cuf can be seen in
Figure 4.1b. A uniform layer of nickel phosphide was deposited on Cuf for the formation
of core-shell nanostructure acting NisP4 as a shell and Cuf as a core. The synergistic
effect between core and the shell is an advantage for efficient evolution of H, and 0,.% A
well-defined porous network structure of Cuf@NisP4 proficiently offers an ion-diffusion
path that effectively enables charge transfer and electron mobility. The transmission
electron microscopy (TEM) of Cuf@NisP, was carried out for detailed morphological
analysis as represented in Figure 4.1c which resembles a clear contrast different for the
core-shell formation of the catalyst with the shell thickness of about 30-50 nm, as
depicted schematically in Figure 4.1d. The high-resolution TEM (HRTEM) was
employed to affirm the formation of different phases in Cuf@NisP,4 (Figure 4.1e-g). The
HRTEM studies, however, confirmed the presence of the planes for the NisP, and Cuf in
Cuf @NisP4. The crystallinity and structure of the as-synthesized catalyst was analyzed
in detail through X-ray diffractometer (XRD). As shown in Figure 4.1h, the diffraction
pattern of NisP;  nanofilm indicates hexagonal crystal structure
formation (JCPDS PDF 01-089-2588) having peaks at 20 values of 36.6°(104),
39.28°(203), 47.06°(301), 47.84°(213), 52.96°(214), 61.06°(107) and 69.66°(320). The
XRD of bare Cuf confirms a cubic lattice (JCPDS PDF 01-070-3038) and the peaks were
found at 43.19°, 50.3° and 73.89° attributed to (111), (200) and (220) planes. However,
the peak of copper in Cuf@NisP, was observed to be shifted by 0.3° towards lower
angles. This shifting of diffraction angle is because of the uniform interfacial strain on the
lattice ‘d’ spacing upon the layer formation at the junction of core-shell
nanostructures®***'. Two negligibly small peaks of copper oxide (CuO) and nickel
oxide (NiO) were also observed at an angle of 37.24° (111) and 38.95° (111), which
appeared either due to areal oxidation or formed during electrochemical synthesis. It
should be noted that the d spacing obtained from HRTEM were well correlated with the
planes obtained from XRD. The X-ray photon spectroscopy (XPS) was employed on
Cuf@NisP, surface to analyze the chemical composition of surface and their valance
states. The XPS survey in Figure 4.1i clearly presents the coexistence of Ni, P, Cu, C and
O elements. Elemental mapping obtained from TEM (Figure 4.1 j-m) of the catalyst have
proven that nickel and phosphorous uniformly resides over copper foam forming a

uniform core-shell nanostructure. The local bonding state, chemical and structural
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information of Ni and Cu in Cuf@NisP4 were revealed through X-ray absorption near-
edge structure (XANES) and extended X-Ray absorption fine structure (EXAFS)
spectroscopy analysis for both Ni and Cu K-edges.
XANES spectra of Cuf@NisP, sample along with Ni metal and NiO (Ni**) standard

Figure 4.2a shows Ni K-edge

references. The XANES spectrum of Ni K-edge of Cuf@NisP, displays a strong black
line signal at 8350 eV for electronic transition for 1s orbital to 4p orbital, which
resembles with the Ni K-edge of NiO, indicating the oxidation state of Ni in NisP, is
+2.%% The Fourier transforms (FTs) of the EXAFS spectrum found at the Ni K-edges

1.6 — 25 Ni foil
— - Ni K- edge — Ni foi
a a = b ——NiO
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-
Z £
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Figure 4.2. (a) A comparison for the XANES spectra of the catalyst Cuf@NisP, with references NiO
and Ni foil for Ni K-edge. (b) FT-EXAFS spectra of Cuf@ NisP, showing the oxide as well as
metallic peak in the spectrum for Ni K-edge.

analysis of the sample is shown is Figure 4.2b, where the peak at 1.78 A corresponds to
Ni-P interactions of NisP,***> The presence of metallic Ni-Cu bond at 2.99 A interatomic
radial distance, indicates the presence of bimetallic interface, which is responsible for an
admirable performance of the catalyst.***’ The presence of two peaks of Ni-Ni
interactions were found between 3 and 5 A.*® The EXAFS and XANES analysis of
Cuf@NisP, at Cu K-edge is performed for the examination of the state of Cuf in the

sample.*9*°

4.3.2 Electrochemical performance of the catalyst

In order to check the bifunctional electrocatalytic activity of the material, individual
catalysis for OER and HER were examined in a three-electrode system using 1 M KOH
as an electrolyte and all the potentials used here were calibrated to reversible hydrogen
electrode (RHE). All the polarization curves were corrected by compensating iR drop

based on electrochemical impedance spectroscopy (EIS) measurements.
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Figure 4.3. (a) Control potential LSV scan to determine actual onset potential. (b) OER Polarization
curves of Cuf@NisP,4 including all the control catalysts. (c) Tafel plots of all the catalyst corresponding to
the OER polarization curves. (d) HER Polarization curves of the catalysts. (e) Tafel plots of all the catalyst
corresponding to the HER polarization curves. (f) Polarization curve of all the catalyst in HER and OER
region. (g) Schematic for water splitting mechanism of Cuf@NisP,. (h) Chronopotentiometric curve of
Cuf@Ni5P4 for OER at J = 100 mA cm™ (i) Chronopotentiometric curve of Cuf@NisP, for HER at J = 10
mA cm 2 All experiments were carried out in 1M KOH for 55 h

Figure 4.3a displays the polarization curves of Cuf@NisP, catalyst for OER with
different potential window. The determination of OER onset potential and/or
overpotential at 10 mA cm™ for Ni-based catalyst is a long standing problem as the
faradic current corresponding to the oxidation of Ni**/Ni** and OER overlaps in the
potential range between 1.32 V to 1.54 V (vs RHE) in alkaline medium.’**? Here, we
have proposed a possible solution via restricting the potential window of the OER

polarization curve in order to avoid the oxidation potential of Ni**. The onset potential of
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the Cuf@NisP, catalyst is found to be 1.43 V (Figure 4.3a, inset), which is much superior
to the noble metal-based catalyst, RuO, and most of state-of-the-art catalyst reported
recently (Table 4.1). The overpotential of the catalyst, Cuf@NisP,4 at current density of
20, 50 and 100 mA cm™ was found to be 210 mV (1.44 V), 290 mV (1.52 V) and 330
mV (1.56 V), respectively (Table 4.2), which is much better than the other catalyst, such
as NisP4/Cu (410 mV), NisP4/GP (580 mV), bare Cuf (710 mV) and similar like RuO, at
100 mA cm (Figure 4.3b).

Table 4.1 Comparison for OER onset potentials of Cuf@NisP, with recently developed

catalysts
Catalyst Nonset (V VS RHE) References
Ni,P- NW 1.54 Chem. Commun., 2015, 51, 11626--11629
Ni,P- NP 1.61 Energy Environ. Sci., 2015,8, 2347-2351
N-CG-CoO 1.55 Energy Environ. Sci., 2014, 7, 609-616
IPNT 1.48 Chem. Eur. J. 2015, 21, 18062 — 18067
Ni-Co Oxide 1.49 ACS Nano, 2014, 8, 9, 9518-9523
LiCoO, 1.55 Nature Communications volume 5,
Acrticle number: 3949 (2014)
Au@Co;0, 1.53 Adv. Mater. 2014, 26, 23, 3950-3955
CoMn LDH 1.5 J. Am. Chem. Soc. 2014, 136,
16481—16484
NiyC03,0, 1.53 Adv. Mater. 2010, 22, 1926-1929
MngNi 1.59 Adv. Funct. Mater. 2014, 25, 3, 393-399
M=zl LA J. Am. Chem. Soc. 2013, 135, 8452-8455
FeCoNi-ATNs/NF 1.46 Adv. Energy Mater. 2019, 1901312
NCN/CC 1.48 J. Mater. Chem. A, 2018, 6, 4466-4476
Cuf@NisP, 1.43 This Work

NW (Nanowires), NP (Nanoparticles), N-CG-CoO (3D crumpled graphene—cobalt oxide), IPNT (iron
phosphide nanotube), LDH (Layered double hydroxide), ATNs (Atomically thin nanosheets), NF (Nickel
Foam), NCN/CC (nickel—cobalt nitride on carbon cloth),

The interconnected conductive paths formed between copper foam and nickel phosphide
due to core-shell morphology is responsible for fast electron transfer Kinetics, which
results in the superior rate performance.* The corresponding Tafel slope as depicted in
Figure 4.3c, clearly demonstrates that the Cuf@NisP4 has a lower Tafel slope than other

comparative samples. The Tafel slope of Cuf@NisP, was calculated to be 127 mV dec™,
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which is lower than RuO, (138 mVdec™) and all other catalyst, such as NisP./Cu (154
mV dec™), NisP./GP (165 mV dec™), bare Cuf (416 mV dec™), illustrates a better kinetics
behaviour of the Cuf@NisP, catalyst in 1M KOH. The HER performance of all the
catalyst was also evaluated using LSV in alkaline media as shown in Figure 4.3d. The
overpotential of the Cuf@NisP, were only 146 mV and noticeably lesser than all other
prepared catalysts at 10 mA cm™. The polarization curve of NisP./Cu, NisP4/GP, bare Cuf
and Pt/C has showed overpotential of 197 mV, 236 mV, 394 mV and 26 mV, respectively
at 10 mA cm™ (Table 4.4). The Tafel slope that governs the chemical kinetics of the
electrocatalyst,” was found to be 180 mVdec™, which is apparently lower than that of
NisP./Cu (194 mV dec™), NisPs/GP (198 mV dec) and bare Cuf (274 mV dec),
indicating the favorable kinetics of the as-prepared catalyst (Figure 4.3e).

Table 4.2 OER Potential of the electrodes at different current densities

Catalyst N@Onset M@20 n@50 n@100 n@500 n@700
mAcm? mAcm? mAcm? mA cm™ mA cm

Cuf@NisP, 1.42V 1.44V 152V 156V 1.72V 1.77V
NisP4/Cu 152V 156V 1.60V 1.64V
Ni:P,/GP 157V - 1.68V 1.82V
OER o
Cuf 1.68V - 1.80V 1.94V
RuO, 1.43V 1.45V 1.50V 155V 1.85V 2.02V

However, the Tafel slope for Pt/C was calculated to be 80 mV dec™. The overpotential
retention the catalyst was 99% of its initial potential, indicates remarkable durability of
the catalyst. In order to assess the bifunctional activity a full polarization curve in a three-
electrode configuration covering HER and OER (Figure 4.3f) were taken for all the
catalysts. Figure 4.3g provides a schematic illustration for the role of core-shell
electrocatalyst towards simultaneous H, and O, formation. The anodic and cathodic
stability of Cuf@NisP, was evaluated by chronopotentiometry (CP) measurement at a
high current density of 100 mA cm™ and 10 mA cm™ and found that the retention of
initial overpotential is almost 97% and 99 %, respectively, even after 55 h, evidences of
exceptional durability of the catalyst (Figure 4.3h-i). The electrochemically active
surface area (ECSA) of Cuf@NisP, were calculated to be 331 cm? and 1325, respectively,
which is very high comparing the recently developed nickel phosphide-based catalyst for

water splitting.>** Interestingly, the 3D interconnected porous nanofilm shell of NisP,
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over Cuf core substrate is accountable for very high surface area and electrical

conductivity.
Table 4.3 HER Potential of the electrodes at different current densities

Catalyst N@Onset N@20 mA @50 mA n@100 mA @500 mA n@700 mA

cm? cm? cm? cm? cm?
Cuf@NisP, 53 mV 192 mvV 247 mV 298 mV 446 mV 514 mV
NisP,/Cu 115mv 232 mV 298 mvV 360 mvV - -

HER NisP,/GP 147 mV 298 mV 403 mV 528 mV s >

Cuf 224 mV 474 mV 622 mV 798 mV - -
Pt/C 13 mV 46 mV 83 mV 122 mV - -
b 300 pur - =)
a —.ll:— P ; = 24{C
250 i‘,. ~ 70 mA cm®
200 5 . - 2.2
Oy Siso] RS > 20
-« e € NigP ] € uF NigP, —
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Figure 4.4. (a) Schematic illustration of catalyst in a two-electrode system. (b) LSV curves of Cuf@NisP, ||
Cuf@NisP4 and Pt/C || RuO, overall water splitting in a two-electrode configuration and the inset shows
the digital image of two electrode configuration of Cuf@NisP,. (¢) Chronopotentiometery current ramping
of Cuf@NisP4 at different current density. (d) Chronopotentiometry (CP) plot of Cuf@NisP4 in a two
electrode system at a current density of 10mA cm™, inset shows the bubble formation at the cathode and
anode during stability and SEM images of Cuf@NisP, before and after 150 h CP run.(e) A comparison plot
for stability of recently reported and Cuf@NisP, catalyst.
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Considering the worthy overall performances of Cuf@NisP, catalyst towards
HER and OER, a home-made alkaline electrolyzer was constructed with two similar
electrodes of alike dimension and were assembled as cathode and anode, as schematically

depicted in F igure 4.4a.

Hydrophilicity

Z

Aerophobicity

a
-.

Figure 4.5. Hydrophilicity analysis of Cuf@NisP,4. (a) before and (b) after dropping the liquid on to the
surface of the catalyst (c-f). Optical images with scheme at bottom panel showing the bubble formation
behavior on Cuf@NisP, surface at different time showing exceptional aerophobic behavior of the catalyst.

Another electrolyzer with commercial Pt/C as cathode and RuO, as anode was
counterfeited for comparison purpose. The Cuf@NisP4//Cuf@ NisP,4 cell has shown an
outstanding overall performance with a cell voltage of 1.66 V to obtain a current density
of 10 mA cm™, which is comparable to RuO,//Pt/C cell (Figure 4.4b) and lower than that
of most of the bifunctional catalysts reported recently (Table 4.4). A digital image of the
assembled two electrodes comprising the catalyst with bubbles in an alkaline media is
shown in the inset of Figure 4.4b. The core shell nanostructures of Cuf@NisP, is playing
a crucial role in the increased catalytic activity of the catalyst. The mechanical robustness
of the catalyst is a critical parameter to use it for commercial application and can be
evaluated by performing current ramping stability through  multi-step
chronopotentiometry measurement. Figure 4.4c shows the CP curve of Cuf@NisP4for 5 h
at different current densities gradually amplified from 10 to 70 mA cm™ with holding
each current density step for 1800 s. The quick response time at each step assured that the

catalyst is very stable at different current density with no degradation of the potential
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recommends the tremendous mechanical robustness of the catalyst. Furthermore, long-
term durability of the catalyst was tested by CP technique at a constant current density of
10 mA cm? for 150 h. The catalyst retained 96% of its initial potential even after
ultralong duration of CP for 150 h as shown in Figure 4.4d. A graph to compare extralong
stability of the as prepared catalyst with the existing recently reported material is
illustrated in Figure 4.4e. The bubble formation at cathode surface during stability run is
shown in the inset of Figure 4.4d. Further, microscopic structure and elemental
composition of the catalyst before and after 150 h of the long-lasting stability experiment
were investigated from SEM images and elemental mapping study of the cathode surface
(inset of Figure 4.4d). It is interesting to note that the catalyst surface maintained its
structural integrity with almost negligible degradation in its morphology as well as no
dissolution or detachment of the electrochemically grown ultrathin thin layer of NisP,4
from the Cuf was detected. Furthermore, the elemental mapping study was conducted to
confirm the homogeneous distribution of elements (Cu, Ni, and P) even after 150 h CP
stability run (Figure 4.4f-g). The excellent response from multistep as well as long-term
CP measurements further guides that the chemical nature of the catalyst does not changed
at different current density as well as pores of the catalyst were not blocked upon the

formation of the bubbles, which notified about the surface property of the catalyst.

Figure 4.6. Hydrophilicity analysis of the control samples (a) Bare Cuf (b) NisP,/Cu (c) NisP4/GP.
Aerophobic behaviour of the control samples (a-c) bare Cuf, (d-f) Ni5P4/Cu, (0-1) Ni5P4/GP
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4.3.3 Catalyst Surface property

Motivated from this study have encouraged us to examine the nature and the behavior of
the surface. The surface properties of Cuf@NisP, along with other catalysts were
analyzed by performing hydrophilicity and aerophobicity test. Figure 4.5a and b shows
that the Cuf@NisP, surface is superhydrophilic in nature as the drop absorbed instantly
through the catalytic surface unlike other catalysts. Aerophobicity study was performed

through observing the bubble formation during CP measurement.
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Figure 4.7. (a) XANES spectra and (b) FT-EXFAS spectra of the catalyst Cuf@NisP, for before and after
stability aimed at Ni K-edge (c) XANES spectra and (d) FT-EXFAS signal of Cuf@NisP, for before and
after stability at Cu K-edge.

As shown in Figure 4.5¢-f and the schematic representation in Figure 4.5g, during the
course of the experiment, bubble starts to grow from 100 um (Figure 4.5d) to a maximum
of 150 um (Figure 4.5e) and then leaves surface as soon as it grows further at varying

time and a very few bubbles were observed on the surface of the catalyst when the CP
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experiment was stopped (Figure 4.5f), demonstrates the excellent aerophobic behaviour

of the catalyst. The hydrophilicity (Figure 4.6a-d) as well asaerophobicity behaviour of

the control samples were also investigated. The aerophobic behaviour of other control

samples were also analysed (Figure 4.6d-1) and found that the Cuf@NisP,4 surface is more

aerophobic in nature than other as prepared control catalysts. The superhydrophilic nature

of the sample facilitates the fast formation of bubbles due to less contact resistance with

the electrolyte, whereas, the aerophobic nature of the catalyst advantages for self-

renewable of bubbles from the surface, which answers for achieving excellent stability

and fast response during multistep CP as well as ultralong durability of the catalyst.
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Figure 4.8. (a) Optical image for the level of H,/O, before catalysis of Cuf@NisP, electrode (b) optical
image for the level of H,/O, during catalysis (c¢) GC response upon the injection of 40ul of H, gas (d)

Volume of H, gas evolved as a function of time.
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Figure 4.9. (a) Nyquist plot of bare Cuf and Cuf@Ni5P4 at 1.58 V (vs RHE) (b) LSV curve full scan before

and after iR compensation

The Ni and Cu K-edge X-ray absorption near-edge structure (XANES) spectra
and extended X-ray absorption fine structure (EXAFS) spectroscopy were collected for
Cuf@NisP,4 catalyst before and after stability for the cathode surface. In Figure 4.7a,
XANES spectra for the catalyst before and after stability are almost similar, proves the
oxidation states of Ni does not change even after long cycling hour. However, a slight
shift in the Ni K-edge peak can be observed for the catalyst after stability towards higher
energy suggesting a slight formation of oxidized species on the surface of the catalyst.
The EXAFS analysis at Ni K-edge (Figure 4.7b) shows the interplanar distance of Ni-P
remained same indicating the local structure and chemical composition of the NisP,4
sample retained even after long period cycling performance.”®*™® The XANES and
EXAFS spectra of Cu K-edge (Figure 4.7c-d) before and after the course of stability is
almost same, which resembles the core of the catalyst was unaffected during stability
experiment. Therefore, as the edge energy for both Ni and Cu K-edge of after stability
sample is as similar as fresh sample, suggesting the catalyst is ultrastable in alkaline
media even after long time (150 h) CP experiment.

4.3.4 Faradic efficiency

In order to check the Faradic efficiency (FE) and rate of gas evolution, H, and O, gas
were separately collected, analyzed and calculated by the technique called water gas
displacement method, where both the volume and time were recorded for experimental
value of the generated gas.> The electrolysis of Cuf@NisP, was performed at a constant

potential of 1.66 V in a homemade two-electrode configuration, where both the electrodes
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were hanged from top of the tube filled with electrolyte and sealed with epoxy as

represented by a digital image in Figure 4.8a-b.

100% Retention
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Figure 4.10. (a) Schematic illustration for the hybridization of solar cell with water electrolysis. (b-c)
Digital image of solar cell - water splitting hybrid unit assembled using Cuf@NisP, electrodes in light and
dark. (d) Current vs time response of water electrolysis, its retention under continuous illumination for 5 h
and inset shows the current response of the catalyst under illumination (light) and de-illumination (dark).

The collection of H, and O, were done separately at atmospheric pressure and the level of
electrolyte at initial state (Figure 4.8a) and during electrolysis (Figure 4.8b) were noted in
order to calculate the FE. To analyse the purity of hydrogen produced, 40 puL of gas was
collected from cathodic side of the cell through a syringe and injected into gas
chromatography (GC) instrument. As demonstrated in Figure 4.8c, the peak of H; is
saturated at time 1.78 min and no other peaks were observed, indicates that the evolved
H, gas as fuel is of very high purity and can be utilized efficiently in a fuel cell. The ratio
of generation of H,:O, remained in the ratio of 2:1 over the duration of electrolysis. As
depicted in Figure 4.8d, the FE of the catalyst with respect to H, generation was found to
be almost 99.8%. Also, a quite high hydrogen production rate was estimated to be 12.488
Kg of H,/day means 4380 Kg of H,/year (at room temperature and 1 atm, STP).

According to survey, the fuel needs of 1-5 cars can be served with a hydrogen production
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rate of 200-1000 kg Ha/year.?*®*  Electrochemical impedance spectroscopy (EIS)
investigations were conducted to investigate the kinetics of the Cuf@NisP, catalyst. The
EIS experiments for Cuf@NisP, catalyst and bare Cuf were carried out at an applied
potential of 1.56 V (vs RHE) (Figure 4.9a) in a frequency range of 0.001 Hz to 100000
Hz (inset of Figure 9a). The fitted Nyquist plot clearly shows a very low solution
resistance (Rs) of 5.9 Q, which is attributed to the less ohmic resistance of the electrode-
electrolyte interface. The charge transfer resistance (Rc;) of the Cuf@NisP, is only 7.5 Q,
which is far less than bare Cuf (~45 Q), clearly indicates the Cuf@NisP, catalyst
promotes rapid charge transfer kinetics.®®® Additionally, the difference between the iR

corrected and non-iR corrected full LSV scan have been shown in Figure 4.9b.

Figure 4.11. Digital image of Solar cell-water electrolysis hybrid with electrochemical reading.
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Since, the as prepared catalyst showed up an extraordinary durability and comparable
efficiency of the electrolyzer with benchmark catalyst, the possibility of hybrid
technology was explored. Solar power radiation is undoubtedly an abundant and
renewable energy source and thus very much useful for self-powered devices. The energy
storage devices mainly acquire energy for charging from conventional non-renewable
power grid that impede its application for renewable hybrid system, so solar power as a
source to split water is a better way to go for renewable energy system.

Table 4.4. Electrochemical activities of the catalytic electrodes for overall water splitting.

Catalyst n@l0 mA | Electrolyte Stability References
cm ™ (h)

EG/CoossSe/NiFeLDH 167V 1 MKOH 10 Energy Environ. Sci., 2016, 9, 478-
483

NiC0204 165V 1M NaOH 36 Angew. Chem. Int. Ed. 2016, 55,
6290-6294

CP/CTs/Co-S 1.743V 1 MKOH 1.94 ACS Nano 2016, 10, 2342-2348

NiS/NF 164V 1 M KOH 35 Chem. Commun., 2016, 521.1486-
1489

Ni/NisP3 161V 1 MKOH 41 Adv. Funct. Mater. 2016, 26, 3314—
3323

PNC/Co 164V 1 MKOH 9.7 J. Mater. Chem. 4, 2016, 4. 3204-
3209

NiFe LDH/ NF 17V 1 M NaOH Science, 2014, 345, 1593

Ni@NC 181V 1 MKOH 10 Adv. Energy Mater. 2015, 5,
1401660

NizaFeysrGO 202V 1 MKOH 10 ACS Nano,2015,92.1977-1984

NiMoP»/CC 167V 1 MKOH 24 J. Mater. Chem. 4, 2017, 5, 7191-
7199

NiCoP 177V 1 MKOH 20 Nano Res. 2016, 9(8): 2251-2259

NisPa/NF 1.79V 1 MKOH 222 ACS Appl. Mater. Interfaces 2016,
8.27850-27858

C@NisPs 165V 1 MKOH 222 ACS Appl. Mater. Interfaces 2016,
8.27850-27858

NisP4/Ni foil 169V 1 MKOH - Angew. Chem., 2015, 127.12538

NiP/NF 163V 1 M KOH 10 Energy Environ. Sci., 2015, 8, 2347

CoP-Cu foil 165V 1 M KOH 24 Angew. Chem., Int. Ed.,
2015.54.6251

CoPOJ/CoP -Au 191V 1 MKOH - Adv. Mater., 2015,27.3175.

CoP/G0O-400-GCE 1.70V 1 MKOH 24 Chem. Sci., 2016, 7, 1690

Coo1aNios7Sex/Tiplate  1.62V 1 MKOH 10 Nanoscale. 2016, 8. 3911.

NiFeP/NF 167V 1 M KOH 40 ACS Appl. Mater. Interfaces,

2017.9.31. 2613426142

NCNCC 156V 1 MKOH 250 J. Mater. Chem. A4, 2018, 6, 4466—
4476

Cuf@NisPy4 1.66 V 1MKOH 150 This work
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4.3.5 Solar cell powered water splitting

First, a solar cell-powered water splitting system has been proposed with the aim to its
practical use and commercialization. The water splitting system externally hybridized
with commercially available solar panel has been demonstrated as depicted schematically
in Figure 4.10a. The solar panel was illuminated by xenon lamp with various intensity (by
varying distance), in order to generate the required potential to the electrodes for
electrolysis of water. Figure 4.10b-c is the digital images of the assembled solar cell-
water splitting hybrid system in illuminated and non-illuminated mode of solar cell. As
depicted in Figure 4.10d, the obtained current density was found to be constant at ~39.5
mA cm™ corresponding to the cell voltage of 1.99 V, which is also confirmed by a
multimeter (Figure 4.10 d, inset), at a solar intensity of 144 mW cm™. Interestingly, the
current density was dropped suddenly when the light source was removed (inset of Figure
4.10 d). The response time for on-off cycle was calculated to be 0.3 s, indicating very fast
response of the material in hybrid system. The repeated ‘on-off” test was continued for
few cycles, in order to check its performance and mechanical robustness in the hybrid
system. An appreciable amount of H, and O, bubbles on cathode and anode catalyst
surface were observed under solar and in contrast almost no bubbles were visible in dark
condition. After few on-off cycles, the analysis was continued for 5 hours to check the
stability of the material during daytime. Interestingly, it was found that the electrodes
were extremely stable and almost no degradation in the current density (retention was
~100%) under the continuous illuminated state of solar cell for 5 hours. The
corresponding chronoamperometric response from the hybrid device was recorded with
the electrochemical workstation (Figure 4.11). The extraordinary durability of the catalyst
in hybridized state approved the urgency of such catalyst for the generation of green fuel
in renewable pathway.

4.4 Conclusions

Electrochemically synthesized Cuf@NisP,4 core-shell nanostructure based self-supportive
electrode has been successfully synthesized that have proven to be an efficient
bifunctional catalyst for overall water splitting. An ultralong durability of 150 h with a
potential retention of 96% was achieved with the catalyst in two-electrode configuration.
This outstanding bifunctional activity and ultralong stability of cost-effective and robust

catalyst opens up the possibility to generate fuel for commercialization.
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The water electrolysis system integrated with Cuf@NisP4 as both cathode and
anode catalyst in 1M KOH has also shown its compatibility upon hybridization with
externally powered devices. Herein, we have demonstrated a fully self-powered water
electrolysis system with the help of solar cell. For commercialization and large scale solar
to hydrogen production in a renewable way, the water electrolysis unit was wired with
photovoltaics. This particular system responded extreme satisfactorily and an appreciable
amount of bubble were generated on electrodes upon the illumination of light on solar
cell for long duration. In conclusion, by utilizing ambient renewable energy (solar) for
catalysing water splitting is a best possible way to produce H, and O, and the practice for
designing and assembling a fully renewable and self-powered water splitting system that
can achieve renewable energy conversion is optimal route for leading the world towards

sustainable growth.
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Electrochemical growth of bimetallic
transition metal selenide as a
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Abstract: The advancement in the non-noble metal-based catalyst design for water
oxidation with an admirable performance is crucial for a sustainable and green energy
future. Electrochemical growth for the synthesis of the catalyst has been known to be an
appealing method due to its shorter reaction time, low cost and renewable nature. In this
article, a simple electrochemical deposition method for the synthesis of hybrid
nanostructures of earth-abundant transition metal selenides (Cu,Se/CoSe;) on copper
foam (Cuf) has been explored the bifunctional electrochemical activity of hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) in alkaline medium. The
HER exhibited an overpotential of only 110 mV at a current density of 10 mA cm™ and
OER required the potential of only 1.4 V (outperforming noble metal catalyst RuO,) at a
current density of 20 mA cm™. The electrochemical cell composed of Cuf@Cu,Se/CoSe,
catalyst in a two-electrode system as an anode as well as a cathode showed high-
performance overall water oxidation reaction with a very low applied potential of only
1.56 V at a current density of 10 mA cm™. The as-prepared electrode was proven to be
superhydrophilic as well as aerophobic in nature, which enhances the stability and thus
suited the best candidate for industrialization and practical applications.

122 |Page






Chapter 5

5.1 Introduction

Hydrogen energy is so far known to be the best among all the existing energy resources
because of its clean and renewable nature. The generation of hydrogen via the electrolysis
of water opens up an attractive route to store energy driven from solar power in a fully
renewable fashion.? The quality of H, gas (absence of other gases) obtained from water
electrolysis is of high purity.® Noble metal-based catalysts such as Pt/C and RuO, are
considered to be the most active electrocatalyst for the generation of hydrogen and
oxygen, respectively, from water, but their limited abundance and scary cost prevent
them to be used in practical and global-scale applications.*” Since the electrochemical
water splitting involves multi-electron transfer, it becomes a kinetically sluggish process
that requires high overpotentials to attain the desired current density. Presently, the
available commercial water electrolyzers mainly operate at a cell voltage of 1.8-2.0 V,
which is substantially higher than the thermodynamic potential of water splitting i.e., 1.23
V.58 Therefore, it is highly desired to reduce the overall cell voltage by introducing an
efficient bifunctional catalyst, which can acts as cathode material for hydrogen evolution
reaction (HER) and anode material for oxygen evolution reaction (OER).

To date, an appreciable effort has been given to modulate the chemical and
physical properties of the electrocatalyst such as porosity, surface area, binding strength
to the substrate and electrical conductivity in order to have fast electron transfer kinetics
during water oxidation. First row transition metals are earth abundant materials and their

910 1112 selenides™!* have emerged as

derivatives such as sulphides, oxides™, phosphides
highly efficient electrocatalysts for electrochemical water oxidation.”> Although,
transition metal oxides and sulphides are earth abundant materials and due to their
electronic configurations, they have been studied more in electrocatalysis. However,
lower electrical conductivity and poor stability in alkaline medium restrict the use of
transition metal oxides and sulphides in the water oxidations. Recently transition metal
selenides have drawn growing attention in the field of water electrolysis due to their
improved band structure.®*” The electronegativity of selenium (2.55) is lesser than that
of the sulphur (2.58) and oxygen (3.44), which helps to improve better covalency of the
metal-chalcogen bond in selenide than sulphides and oxides.® Higher covalency
represents higher bond strength and as a result metal selenides exhibit lower band gap and
better electrical conductivity. Among other metal selenides, CoSe, catalyst has been

explored for water electrolysis. ®?° Kong et al. have synthesized CoSe, grown on carbon
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fibre by selenization process to check the HER activity and found an overpotential of 137
mV at a current density of 10 mAcm™ in acidic media. Liu et al. have synthesized an
amorphous CoSe film on titanium, which required a cell potential of 1.65 V in 2-
electrode configuration.?! Many researchers have reported that hybrid catalyst/multi
element materials enhance the activity as compared to the pristine one.?>® Cao et al.
have recently synthesized CuCo,Se, for overall water splitting. They have shown that the
presence of Cu atoms actually boosts up the activity of Co sites by redistribution of
electrons.®® The presence of bimetal in the catalyst imparts the synergistic effect that
supplements the structural deficit and triggers the inert sites, which enhances the catalytic
activity. It has been proven that the presence of Cu in the catalyst adds more metallic
character, which facilitates the rate of charge transfer.”® However, the hybrid structure of
cobalt and copper-based selenide is still not explored much for overall water splitting in
alkaline media. Moreover, the synthesis of hybrid binary metal selenide and its
fabrication onto the metal substrate is considered a challenging issue to the
electrochemists.

Researchers have synthesized Co and Cu based selenides via different techniques
such as hydrothermal, selenization process, electrodeposition methods etc.62>?’
Electrodeposition method is preferred among all the synthesis procedures because of low
cost, ease and fast synthesis duration.”® Also, this route of synthesis result in the
fabrication of self-supporting electrocatalyst that eliminates the use of binders and
eventually facilitates the catalyst durability as well as activity. The synthesis of 3-
dimensional dendritic copper foam on a copper foil was performed utilizing a well-known
dynamic hydrogen bubble template (DHBT) method, where the hydrogen bubbles were
employed as the template for creating a porous structure. Copper foam (Cuf) with a
porous rough surface as a substrate plays a crucial role in the activity of the catalyst.?®%
The perks of using Cuf are following (1) Cu promotes the excellent reactivity being both
one and two electron pathways. (2) Offers plentiful active sites because of the 3D porous
structure. (3) Increases the surface area and thus reducing the electron diffusion path
length. (4) Dendritic structure of Cuf leads to the superhydrophilic as well as aerophobic
nature of the catalyst.

In this study, we have synthesized a highly efficient electrocatalyst,
Cuf@Cu,Se/CoSe;, hybrid catalyst, which was electrochemically grown on copper foam
(Cuf) substrate. The hybrid catalyst is composed of Cu,Se and CoSe,, and found to be

responsive efficiently towards electrochemical water splitting. The catalytic activity of
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the as prepared catalyst outperformed the noble RuO; catalyst in OER with a potential of
1.4 V at 20 mA cm™ and has overpotential of only 110 mV at 10 mA cm™ for HER. The
performance of the catalyst in a two-electrode cell was very good as proved from the cell
voltage of only 1.56 V to drive a current density of 10 mA cm™. Such enhanced activity
can be explained by listing some influential facts such as (1) the essentially admirable
activity of Cuf@Cu,Se/CoSe; is due to the synergistic effect taking place between Cu,Se
and CoSe,. (2) The high electrochemically active surface area (ECSA) of the catalyst
offered abundant active sites and displayed excellent electrical conductivity and electron
exchange for hydrogen adsorption. (3) The hierarchically designed porous three-
dimensional (3D) Cuf as a substrate exhibits a high surface area that indorses the easy
diffusion of the electrolytic solution as reported in our previous work.*® (4)
Electrodeposition technique (direct growth on the substrate) for the synthesis of
Cuf@Cu,Se/CoSe; catalyst eliminates the use of binder that ensures better contact as well
as non-blocking of active sites, which leads to the mechanical robustness of the catalyst.
(5) The 3D dendric structure of the catalyst was found to be superhydrophilic and
aerophobic in nature. The hydrophilic behaviour ensures better contact between the
electrolyte and electrode thus minimizing the intrinsic resistance of the catalyst and the
aerophobicity nature promotes the fast dissociation of the bubbles from the surface of the

electrodes which favours the stability of Cuf@Cu,Se/CoSe; catalyst.

5.2 Experimental

5.2.1 Preparation of Cuf@Cu,Se/CoSe; catalyst through electrodeposition

The electrodeposition of Cu,Se/CoSe, on Cuf was performed on freshly prepared Cuf
electrode in a three-electrode cell (schematically illustrated in Figure 5.1a) at a constant
potential of -0.7 V (vs Ag/AgCl, 3 M KCI) using the chronoamperometry technique
(Figure 5.1b). The deposition was carried out at different time (30, 45, 60 and 90
minutes) in order to achieve the best catalytic performance, where the sample prepared at
60 min was found to deliver better electrocatalytic activity. The deposition was carried
out in a solution containing 15 mM CoCl,.6H,0, 10 mM SeO, and 60 mM KCI. After the
electrodeposition, the as-synthesized Cuf@Cu,Se/CoSe; electrode turned into black from
brown, as shown in the digital image depicted in Figure 5.1c. The as prepared
Cuf@Cu,Se/CoSe; catalyst was washed with Millipore water and kept under vacuum

when not in use to avoid the aerial oxidation. The reduction process of Co, Cu and Se
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were investigated using cyclic voltammetry technique to reveal the electrodeposition

behaviour of Cu,Se and CoSe; on Cuf, which is elaborately discussed in the later section.
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Figure 5.1. (a) Schematic illustration for the synthesis of Cuf@Cu,Se/CoSe, (b) Electrochemical

deposition done via chronoamperometery technique. (c) Digital images for Cu foil, bare Cuf

synthesized from Cu foil and electrodeposited Cuf@Cu,Se/CoSe;.
5.2.3 Electrochemical measurements
The electrochemical performances of the catalyst were carried out in a three-electrode
system using Cuf@Cu,Se/CoSe; as a working electrode, Hg/Hg,SO, (saturated K,SOy)
as the reference electrode and graphite rod as the counter electrode in 1 M KOH solution
under ambient atmosphere. To compare the activity of as synthesized Cuf@Cu,Se/CoSe,
electrode, the electrodeposition was done using the same reaction conditions at different
substrates like copper foil (Cu foil) and Ni foam (Nif). The potential scan was scaled and
calibrated to reversible hydrogen electrode (RHE) based on the formula given below:
Erne = (Eng/Hg2sos (saturated) + 0.65 + 0.0591 pH) V.

To rationalize the ohmic drop imparted on the catalyst, the polarisation curves

were iR corrected with 50% compensation (unless mentioned otherwise). There were no
IR drop compensation done during the electrochemical study carried out with two-

electrode system. The electrochemical activity for HER and OER were accomplished
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with the help of linear sweep voltammetry (LSV) technique at a scan rate of 10 mVs™,
(while for Tafel slope analysis, the scan rate was 1 mVs™). The surface of the electrode
was electrochemically activated for at least 25 cyclic voltammetry (CV) scan. The
geometrical surface area of the electrode was used to calculate the current density for
normalization. To check the stability, durability and mechanical robustness of the
catalyst, chronopotentiometry (CP)/step CP measurements were performed without iR
compensation. The electrochemical impedance spectroscopy (EIS) for two electrode

system were conducted at a potential of 1.5 V with a frequency range of 10°~102 Hz.

5.3 Results and discussion

5.3.1 Electrochemical deposition mechanism of hybrid electrocatalyst
Cuf@Cu,Se/CoSe;
In this study, the

184

electrodeposition  of  hybrid ~ L@ - 0
catalyst Cuf@Cu,Se/CoSe, was &
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V (vs Ag/AgCl) for 60 min by 5_12_
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formation mechanism of ;E_« 01
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further investigated using Cyclic 15 EIZC) - - -
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Figure 5.2a depicts the CV Figure 5.2 Cyclic voltammetry after electrochemical

deposition (a) CV curve taken after chrono deposition in
profile of the electrodeposited presence of SeO, and CoCl, in electrolytic solution (b) CV
curve taken after chrono deposition in presence of SeO, in

Cu,Se/CoSe, material at a scan ) )
electrolytic solution.

rate of 10 mV/s where a sharp

oxidation peak (l,) appeared at a potential of 0.73 V vs Ag/AgCl, which is ascribed for
the formation of CoSe,.** A pair of peaks (Il, &ll¢) were also observed at 0.42 V
(anodic) and -0.68 V (cathodic), respectively. To the identification of these peaks, the CV
profile was examined after the electrodeposition was carried out in the electrolytic

solution containing only SeO, (in absence of Co®*) as shown in Figure 5.2b. As observed
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from the CV curve, a pair of peaks (cathodic and anodic) at similar positions appeared,

which was identified for the formation of Cu,Se.*

The electrodeposition process is comprised of the following multistep reactions

(equation 5.1-5.6).

Se0, + H,0 — H,Se0;4

H,SeO; + 4H* 4e”
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Figure 5.3. Cyclic voltammetry curve of Cuf@Cu,Se/CoSe, through CV cycling at 10mV/s scan rate: (a) 1%
cycle, (b) 3" cycle, (c) 25" cycle (d) CV curve after completion of deposition in fresh electrolyte
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In the first step, SeO, got hydrolysed to form H,SeOs, which is further reduced to Se,
followed by the reduction of Se to Se,* and subsequently Se*. The Co®* from the
electrolyte solution reacted with the in situ generated Se,” and deposited on the Cuf
surface as CoSe;,. Besides this, copper from the surface of the Cuf simultaneously reacted
with Se”” during the electrodeposition process to form Cu,Se. The CV techniques were
further used for the investigation of the reaction pathway and identified the intermediates.
CV cycling was performed at a scan rate of 10 mV/s and step-wise segments have been
plotted in Figure 5.3 (a-d). From eq. 1-4, it can be seen that the SeO, converted to Se*
followed by multistep reactions, which was confirmed from the appearance of the
reduction peak at -0.57 V and another small anodic peak appeared at -0.27 V, which is
identified for the presence of SeOs” as shown in Figure 5.3 (a-c).**** Eventually, the
peaks corresponding to the Se? and SeOs? disappeared eventually after completion of CV
cycling (Figure 5.3d). Therefore, the above discussion infers that the hybrid
electrocatalyst Cuf@Cu,Se/CoSe, was synthesized electrochemically via the process as
discussed above, which was further used for other characterizations.

5.3.2 Morphological and structural analysis

The physical characterization techniques were adopted to investigate the structural and
morphological details of the deposited layer of Cu,Se and CoSe, on Cuf surface. Figure
5.4a is the schematic illustration of the catalyst reflecting its main highlights. The XRD
profile revealed the existence of Cu, Cu,Se and CoSe,. As can be seen from Figure 5.4b,
it displays three peaks for Cuf with cubic lattice in the 26 range at 43.19°, 50.3° and
73.89° ascribed to (111), (200) and (220) planes, respectively (JCPDS PDF 01-070-
3038). The peak position of Cu,Se was found to be at 20 of 25.35° (400) and 42.74°
(541) (JCPDS PDF-00-058-0228). The lattice structure is found to be monoclinic for
Cu,Se. The peaks for CoSe, were found to be at a 26 value of 29.28° (011), 36.46° (120),
50.7° (022), 61.90° (230) and 73.89° (132) having an orthorhombic crystal lattice
(JCPDS card number PDF-00-004-0836) structure. The morphological and structural
features of the catalyst were performed through field emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM) characterizations.
The copper dendrites, which after the electrodeposition transformed into a wrinkled
surface due to the deposition of a thin layer of Cu,Se/CoSe, on Cuf as shown from
FESEM images reflected in Figure 5.4c-d. The TEM images (Figure 5.4e-f) disclose a
deposited layer on the surface of the Cuf. As clearly visible from the intensity contrast of

the TEM images, the catalyst has different intensities layered structure.
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Figure 5.4. (a) Schematic illustration of Cuf@CUZSe/CoSe2 as bifunctional electrocatalysis (b) XRD
pattern of Cuf@Cu_Se/CoSe, compared with Cuf. Field emission scanning electron micrograph (FESEM)
of Cuf@CuZSe/CoSe2 at (¢) 2 um and (d) 100 nm (e) Transmission electron microscopy (TEM) of
Cuf@Cu,Se/CoSe, showing electrodeposited dendrites of Cuf. (f) TEM image showing thin layer of

electrodeposited material with fringes. (g) SAED pattern related with the planes and HRTEM fringe width
shown from Invert FFT (lower right).

The intensity difference of the image arises due to the presence of different transmission
dependencies that occurred from different atomic layers present in it, which indicate that
a thin layer has been electrodeposited onto the surface of Cuf. A well-defined dendritic
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pathway and a porous network of Cuf@Cu,Se/CoSe, were formed, which boosts up the
ionic-diffusion and results in the enhancement of the charge transfer and mobility of the
electron. The selected area electron diffraction (SAED) pattern, as well as the high-
resolution TEM (HRTEM) images, (Figure 5.4g) were taken for the confirmation of the
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Figure 5.5. Elemental mapping of Cuf@Cu,Se/CoSe, with (a) cumulative electron image (b)
Cobalt (c) Copper (d) Selenium (e) Corresponding EDAX data of Cuf@Cu,Se/CoSe, showing
the presence of Co, Cu and Se in the sample.

phase formation of the catalyst. This result confirmed that the planes found through the
HRTEM micrographs were well accorded with the XRD data, where the d-spacing was
found to be 1.27A (220), 1.8 A (200) for Cu, 1.26 A (132) for CoSe; and 2.11 A (541) for
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Cu,Se. This resemblance of the XRD and SAED pattern further confirms the formation of
Cu,Se and CoSe, hybrid catalyst on Cuf substrate. The energy-dispersive X-ray
spectroscopy (EDX) profile and corresponding elemental mapping of the sample (Figure
5.5 a-e) shows the well distribution of Cu, Co and Se in the sample. For the analysis of
chemical composition and the valance states of Cuf@Cu,Se/CoSe; catalyst, X-ray photon
spectroscopy (XPS) was employed on the surface of the sample. It is well understood that
the water splitting (HER and OER) is very much dependent to the chemical states and
coordination environment.®***® In Figure 5.6a, the XPS data disclose the binding energies
of Co2ps, and Co2p; 2, present at 781.0 eV and 797.5 eV, which is attributed to oxidized
Co species of CoSe, present in Cuf@Cu,Se/CoSe; electrocatalyst.>"® The peak located
at 778.9 eV, 783.2 eV and 794.3 eV indicates the presence of Co*? species of CoSe,.'®
Satellite peaks 785.0 eV and 801.1 eV corresponds to the antibonding orbital of CoSe,
present in the catalyst. Figure 5.6b denotes the binding energy spectra of Cu2ps, and
Cu2py, at 934.7 eV and 953.2 eV, respectively, which corresponds to oxidized Cu of
CuySe.*®** As can be seen from energy spectra of Se in Figure 5.6¢, the binding energy
with Se 3d spin of Se 3ds;, and 3ds, are centred at around 55 eV. These peaks were

a Co?2 Cu? C Se 3d
2P3p P b P

2Pypp

Intensity(a.u.)
Intensity(a.u.)

Intensity (a.u.)

780 790 800 81 930 940 950 960 970 50 55 60 70
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5.6. High resolution XPS spectra of (a) Co 2P (b) Cu 2P (c) Se 3d

divided into two separate oxidation states of Se species, preciously, Se(-2) for the peak
present at 54.4 eV and 55.5 eV and Se(-1) for the peak at 56.4 eV and 57.5 eV. The peak
of Se(-2) originated from Cu,Se phase while Se(-1) from CoSe; phase. The peak around
63.2 eV gives the evidence of SeOy species, which might arises due to the surface

oxidation of selenide species present in the sample*®*
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5.3.4 Electrochemical characterization

Electrochemical studies have been conducted to evaluate the bifunctional activity of the
catalysts in a three-electrode system using Cuf@Cu,Se/CoSe, and other control samples
as a working electrode in 1 M KOH electrolyte solution. For comparison, cobalt selenide
was electrochemically deposited on Ni foam (CoSe/Nif) and copper foil (CoSe/Cu foil)
under the same conditions to check the role of substrate in catalysis. The activity of bare
Cuf was also studied for comparison purposes. To check the performances of the as-
prepared catalyst to benchmark catalyst, Pt/C and RuO, were also modified to the
electrode surface and studied the electrochemical responses. Polarisation curves as
depicted in Figure 5.7a shows the activity of the catalyst Cuf@Cu,Se/CoSe, in the
hydrogen evolution region in terms of onset (Eonset), OVerpotential (E,) as well as current
density as compared with the other control samples. The overpotential of the catalysts
was determined from the LSV curve at a scan rate of 10 mVs™. To normalize the intrinsic
behaviour of the catalysts occurring due to ohmic resistance, an iR compensation was

applied in all the primary data.*
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Figure 5.7. (a) HER activity of Cuf@CUZSe/CoSe2 compared with different control samples (b)
Corresponding Tafel slope of HER activity of Cuf@CUZSe/CoSe2 catalyst (c) OER activity of
Cuf@CuZSe/CoSe2 compared with different control samples (d) Corresponding Tafel slope of OER activity
of Cuf@CuZSe/COSe2 catalyst (e) Bifunctional activity of Cuf@CUZSe/CoSe2 catalyst taken in a three-

-1
electrode system in 1 M KOH at a scan rate of 10 mVs (f) Schematic illustration for the pathways for the
bifunctional activity.
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The Cuf@Cu,Se/CoSe; catalyst showed significantly improved activity with an onset
value of only 36 mV and needed only 110 mV (£ 3 mV based on the individual scan of 4

independent samples) of the overpotential to drive a current density of 10 mA cm™.
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Figure 5.8. (a) Schematic illustration for the Cuf@CuZSe/CoSe2 catalyst in a two-electrode system (b)
Polarisation curve of Cuf@CuZSe/CoSe2 compared with Pt/C and RuO2 in a two electrode system (c)
Chronopotentiometry (CP) current ramping of Cuf@CuZSe/CoSe2 at different current density ranging from

-2 -2
2mAcm (d) CP plot of Cuf@CUZSe/CoSe2 in a two electrode system at a current density of 10mAcm (e)

EIS analysis and Nyquist plot with fitted circuit in inset (f) Comparison bar diagram of recently reported
catalyst with Cuf@Cu 2Se/CoSe2 in terms of overpotential in a two electrode system.

It has been observed that at higher current density of 100 mA cm™ the catalyst
Cuf@Cu,Se/CoSe; (Eqaioo macm 2=278 mV) outperforms the activity of Pt/C (Eq@100 maecm
=347 mV). The activity was found to be better than all the control samples namely,
CoSe/Cu foil (Eonset=166 MV, En@i0 macm-2=280 mV), CoSe/Nif (Eonset=151 mV, Eya10
macm-2=305 mV) and bare Cuf (Eonset=226 MV, En@10 macm-2=379 mV). The comparison of
the HER overpotentials of Cuf@Cu,Se/CoSe, with the control catalyst at different
current density is summarized in Table 5.1. Figure 5.7b depicts the Tafel slope plot
(overpotential(n) vs log(j)) to access the HER Kinetics, extracted from the voltammetry
curve taken at a scan rate of 1 mVs™.

The Tafel slope of the as synthesized catalyst was found to be 140 mV dec™, which is
comparable to Pt/C (110 mV dec™) and lower than that of CoSe/Cu foil (260 mV dec™),
CoSe/Nif (350 mV dec™) and bare Cuf (495 mV dec™), indicating faster kinetics of

hydrogen evolution reaction of the catalyst.*®
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Table 5.1. Overpotentials for HER of Cuf@Cu,Se/CoSe, catalyst with comparison

samples

Catalyst n@Onset N@10MAcM?  M@20mAcm?  n@50mAcm  n@100mAcm™
2 2

Pt/C 2TmV 33mv 66 mV 149 mV 347 mV
Cuf@Cu,Se/CoSe, 36 mV 110 mV 146 mV 188 mV 278 mV

H E R CoSe/Cu foil 166 mV 280 mV 375 mV 508 mV 586 mV
CuSe/Nif 151 mV 305 mV 429 mV 787 mV
Bare Cuf 226 mV 397 mV 576 mV 890 mV

The electrocatalytic activity of Cuf@Cu,Se/CoSe;, catalyst towards OER was also
examined at a scan rate of 10 mV/s™ in 1 M KOH solution as shown in Figure 5.7c. The
LSV of Cuf@Cu,Se/CoSe; along with other control samples i.e., CoSe/Cu foil, CoSe/Nif
as well as bare Cuf and RuO; catalyst was evaluated. The OER overpotential of all the as
prepared catalysts at different current densities are listed in Table 5.2. Interestingly, the
OER activity of the catalyst Cuf@Cu,Se/CoSe, with potential of only 1.4 V (Eonset=1.36
V) was superior to the state-of-the-art catalyst RuO,, which needed a potential of 1.46 V
(Eonset=1.35 V) to attain a current density of 20 mA cm™, respectively. The activity of
Cuf@Cu,Se/CoSe, was found to be far better than CoSe/Cu foil (Egnse=1.63 V, Eg2o
macm-2=1.71 V), CoSe/Nif

(Eonset=1.67 V, E@20 macm-2=1.75 V) and bare Cuf (Eonset=1.79 V, E@20 macm-2=1.86 V).
The Tafel slope of Cuf@Cu,Se/CoSe, (Figure 5.7d) is found to be 115 mVdec™, which is
lesser than all other samples i.e., RuO, (120 mVdec™), CoSe/Cu foil (130 mVdec™),
CoSe/Nif (442 mVdec™) and bare Cuf (700 mVdec™), indicates the catalyst has faster
kinetics and rapid evolution rate of oxygen. Figure 5.7e shows the bifunctional activity of
Cuf@Cu,Se/CoSe, sample that dictates the efficient activity of HER (188 mV@50
mAcm?) and OER (250 mV@50 mAcm™) in a three-electrode system. The hydrogen
adsorption and possible pathways for H, and O, generation on the catalyst surface is
schematically illustrated in Figure 5.7f. The excellent electrochemical activity of the
catalyst may arise due to the strong electronic coupling that might have taking place
between Cu,Se and CoSe, with Cuf which is accelerating the catalyst to perform even
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better than the benchmark RuO, and found comparable to Pt/C in terms of water splitting

activity.**+
Table 5.2. Overpotentials for OER of Cuf@Cu,Se/CoSe; catalyst with comparison
samples

Catalyst n@Onset  N@20MAcmM?  n@50mAcm  M@100mAcm™

2

RuO, 120 mV 230 mV 290 mV 360 mV

Cuf@Cu,Se/CoSe, 130 mV 170 mV 260 mV 280 mV
O E R CoSe/Cu foil 400 mV 480 mV 560 mV 650 mV

CuSe/Nif 440 mv 520 mV 630 mvV 880 mV

Bare Cuf 560 mV 630 mV 970 mV

To explore further the bifunctional activity of Cuf@Cu,Se/CoSe,, as schematically
represented in Figure 5.8a, the catalyst was subjected to electrolysis in 1 M KOH using a
two-electrode system. As shown in Figure 5.8b, the overall water splitting electrolyzer
attended a potential of 1.56 V at 10 mA cm™, which is 100 mV less than Pt/C (+) and
RuO;, (-) assembled electrolysis cell and even have a higher current density. The
Cuf@Cu,Se/CoSe; catalyst was compared with the recently reported Co and Cu based
catalyst as listed in Table 5.3 and found that the catalyst displays up-performed water
splitting catalyst than the majority of reported literature. The current ramping stability
study was performed through multistep chronopotentiometry (CP) technique to check the
mechanical robustness of the catalyst, which is regarded as a critical requirement of the
catalyst for commercialisation. It can be seen from Figure 5.8c, the catalyst was subjected
to gradually increasing current densities ranging from 5 mA cm™ to 50 mA cm™ with a
difference of 5 mA cm™ having a hold time of 1800 s for each step and a total duration of
5 h. It was confirmed from the plot that a stepwise increase in the current density even up
to 50 mA cm™ does not lead to the degradation of the potential, exhibiting the catalyst is
mechanically very stable. The long-term durability is a critical benchmark parameter for a
catalyst that was studied from CP measurements (Figure 5.8d). The CP test was
performed at a current density of 10 mAcm™ and found that 97% retention of the initial

potential even after 7 h test demonstrates the adequate durability of the catalyst.
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Table 5.3. HER, OER and Full water splitting (2-electrode system) overpotential

comparison table based on Co and Cu based catalyst.

Catalyst Tables.3. HER. O Overpotential for Full cell References
. OER (mV) n@l0 mA
comparison table be |
cm™
Overpotential for ")
HER (mV)
Co(OH)2/Ag/FeP Mo =118 Mo = 236 N10=1.56 ACS Appl. Mater.
Interfaces 2019, 11,
7936—7945
CuCo:Ses Mo =125 Nso = 320 Nso=1.78 ACS Appl.  Energy
Mater. 2020, 3, 3092—
3103
C00.7sNio.2sSe/NF Mo = 106 Nso = 269 N10=1.60 Nanoscale, 201911,
7959-7966
CoSeTi Mo =121 Mo =292 Nio=1.65 Chem. Commun.,
2013,51, 16683-16686
EG/CoossSe/NiFe- Mo = 260 Miso =270 n1=1.67 Energy Environ. Sci.,
LDH 2016.9.478-483
Ni1sFepsP/CF N =282 N = 264 ne=1.58 Nano  Energy 34
(2017)472-480.
Cux0:81~ Mo =40 Nso = 361 n10=1.56 ACS Appl. Mater.
Interfaces 2018, 10,
745-752
Cuf@NisP Mo =210 Mo = 146 N10=1.66 J. Phys. Chem. C 2020,
124,13525-13534
Nio51C00 40P film o =82 o = 239 N =157 Adv. Funct. Mater. 26
(2016)
7644-7651.
NiCo0:04 Mo =110 Mo = 290 Nwo=1.65 Angew. Chem. Int. Ed.
2016, 55, 6290-6294
NiCoP /CC Mo =62 Mo = 242 N =152 ACS Catal. 7 (2017)
4131-4137.
CP/CTs/Co-S Mo =250 Mo =300 Nwo=1.74 ACS Nano 2016, 10.
2342-2348
Co0Ox—CoSe/NF o =90 nso0 = 380 N2 = 1.66 J. Mater. Chem. A,
2016, 4, 10933-10939
NiCoP rGO N = 209 N =270 N =159 Adv. Funct. Mater. 26
(2016)
6785-6796.
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To further understand the worthy electrochemical performances of Cuf@Cu,Se/CoSe;
catalyst, electrochemical impedance spectroscopy (EIS) was recorded and analysed to
estimate the internal as well as charge transfer resistance at electrode-electrolyte
interface. The Nyquist plot of the catalyst as shown in Figure 5.8e was obtained at a
potential of 1.5 V. The fitted Nyquist plot revealed that the catalyst Cuf@Cu,Se/CoSe,
have very low resistance (R;) of 4.5 Q from the electrolyte. The charge transfer resistance
(Re) of the catalyst was calculated to be 45.4 Q. The smaller value of Rs and R
confirmed that the very less resistance of catalyst-electrolyte interface leading to the
faster Kinetics of electrocatalysis reactions. Figure 5.8f shows the bar diagram for
Cuf@Cu,Se/CoSe; catalyst compared with the recently reported catalyst towards water
splitting and it is found that the performance of the Cuf@Cu,Se/CoSe; catalyst is superior
to the others. The electrochemically active surface area (ECSA) directly affects the
roughness factor (RF) of the catalyst. The Cuf is known as a highly porous material that
could offer high surface area. Therefore, to check the ECSA and RF of the catalyst, the
CV scan was taken in non-faradic region (0 to 0.1 V) at different scan rates as shown in
Figure 5.9a. Figure 5.9b depicted the slope taken from the plot of scan rate versus the
average of anodic and cathodic peak current. Using the double layer capacitance (Cq=143
mF), the ECSA was calculated to be 529 cm? which is very high as compared to recently

reported values.*®4%#
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Figure 5.9. (a) Cyclic voltammetry of Cuf@Cu,Se/CoSe, at different scan rates in non-faradic region for
the calculation of electrochemically active surface area (ECSA). (b) Linear slope of Cuf@Cu,Se/CoSe;
with respect to current density and scan rate extracted from CV taken at different scan rate in a non-
faradaic region.

Electrochemical evolution rate of H, and O, and their respective Faradaic
efficiency (FE) were measured using water-gas displacement method.*®*

Cuf@Cu,Se/CoSe; electrocatalyst were utilized as both cathode and anode in a two-
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electrode system emersed in 1 M KOH electrolytic solution assembled in a Hofmann
voltammeter as shown in Figure 5.10a. A chronoamperometry scan were taken at a
potential of 1.6 V for certain duration and the corresponding water-gas displacement were
recorded. The collection of H, and O, were done separately along with recording the
displaced volume at a particular time with acquired charge. During the whole time of
chronoamperometry the level of the displaced H, and O, were maintained at 2:1 ratio. As
shown in Figure 5.10b, the faradic efficiency of the electrode was found to be 99.9%. The
generated H, were injected into the column of gas chromatography (GC) in order to
check the purity of the produced fuel. As shown in the Figure 5.10c, upon the injection of
20 uL of Hy, the GC response showed the presence of H, peak at 1.76 min. No other
gaseous peak as an impurity were witnessed other the peaks of instrumental argon (Ar)
and nitrogen (N). The injection of 20 uL of H; yields 7113.266 ppm of H,, which is an
admirable amount. This yield amount and the high purity of the produced H, can be
efficiently used commercially at industrial purposes in the application like fuel cell, H,

generation etc.
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Figure 5.10. (a) Water-gas displacement setup using electrodes Cuf@Cu,Se/CoSe, (cathode and anode)
emerged in 1 M KOH in a Hofmann voltameter using chronopotentiometery technique. (b) Faradic
efficiency calculation of H, and O, produced during electrolysis. (¢c) Gas chromatography response upon
the injection of 20 pl of H,showing no gas impurity other that instrumental nitrogen and argon.
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5.3.5 Catalyst surface property
The catalytic performance of the catalyst is usually hampered by the generation of
bubbles on the suface of the catalyst during electrolysis. The stacked bubbles on the

surface block
the diffusion of the electrolyte, which as a result decreases the ECSA of the

Hydrophilicity

Drop |
absorbed

erophobici

A

[ CP stopped

0s Os 1205

Figure 5.11. Hydrophilicity analysis of Cuf@Cu,Se/CoSe, (a) before and (b) after the drop
absorbed on the surface (c-f) digital images illustrated schematically at bottom panel sdepicting
the bubble behaviour on the surface of Cuf@Cu,Se/CoSe, catalyst at different time during the run
of CP, showing the excellent aerophobic surface of the catalyst.

electrocatalyst. Also, the catalyst should make proper contact with the electrolyte to
decrease the resistance between the electrolyte and electrode interface. Therefore, a good
electrocatalyst for water electrolysis must have aerophobic as well as hydrophilic
properties for better activity.>>" Interestingly, the Cuf@Cu,Se/CoSe; catalyst was found
to have both the effects of superaerophobicity as well as superhydrophilicity. In detail,
the wettability study of the catalyst was performed (Figure 5.11 a and b) by using a drop
size analyser. After the suspension of the water drop on the surface of the electrocatalyst,
the drop instantly got absorbed without making any contact angle (0 degree), which
confirms the superhydrophilic behaviour of the catalyst. For aerophobicity analysis, the
bubble behaviour was monitored during the CP run (Figure 5.11 c-f), which is
schematically represented in Figure 5.11 g. It has been observed that almost no bubbles

were left on the surface of the catalyst (few were trapped in the larger pores) after the CP
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experiment stopped. This study demonstrated that the catalyst is superaerophobic in
nature, which profoundly contributes to the excellent activity of the catalyst.

5.4 Conclusion

In summary, we have reported an electrochemical method for the synthesis of highly
efficient electrocatalyst based on mixed transition metal selenides, Cu,Se and CoSe; on
the surface of the copper foam. The use of 3D hierarchically dendritic porous Cuf as a
substrate leads to the designing of binder-free electrocatalyst, which benefits the overall
performance of the catalyst. The mechanism for the deposition process was investigated
using the CV technique. The physical characterizations of the catalyst were well
correlated and analysed. The overpotential attained by the catalyst was found to be
superior to the state-of-the-art RuO, for OER and comparable to Pt/C for HER. Further,
after the assembly of the catalyst in a two-electrode system, the catalyst attained a
potential as low as 1.56 V at a current density of 10 mA cm™, which is admirable as
compared to other recently reported catalysts as well as Pt/C- RuO; systems. The
multistep current ramping stability demonstrated that the catalyst is mechanically robust,
which is favourable for commercialization. Further, the study of the surface property
confirmed the superhydrophilic as well as aerophobic behaviour of the catalyst.
Therefore, the catalyst is found to be highly efficient concerning electrochemical water
splitting activity. This opens up the new door of fabrication of a non-noble metal-based

catalyst for H, and O, generation.
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Chapter 6

Abstract: For future renewable and sustainable energy technologies, the development of
a cost-effective, highly efficient and stable bifunctional electrocatalyst is foremost
requirement of water splitting to generate H, fuel. A 3-dimensional (3D) porous Copper
foam (Cuf), when electrochemically decorated with transition metal selenides, resulted in
a highly active electrocatalyst towards efficient water splitting. The role of cobalt
selenide and Cuf have already proven to be remarkable in terms of water splitting. The
introduction of Ni-buffer layer between Cuf and cobalt selenide (Cuf@Ni-CoSe;) not
only increases the efficiency and activity rather improves the stability of the catalytic
surface. The self-supported as synthesized catalyst material was found to show an
admirable activity toward oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) in alkaline media. The performance of the catalyst was found to
significantly better than the noble catalyst RuO,. The catalyst was very stable up to 107 h
and attained a full cell voltage of only 1.52 V at a current density of 10 mA cm™
Therefore, for a large-scale production of hydrogen, this as synthesized catalyst holds

potential towards the replacement of conventional fossil fuel-based energy systems.
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6.1 Introduction

The world is moving toward zero-carbon-based renewable energy technology due to the
rapid consumption of fossil fuels in the last few decades. Sustainable energy systems are
engrossed in the rational adoption of traditional resources and higher use of renewable
energy in the next 20-30 years."™* Winds and solar energy technology are the primary
environmentally favorable renewable energy sources, however, the accessibility of these
sources is depending on seasonal and regional changes. Electrochemical water
electrolysis for the production of hydrogen and oxygen is considered as another source of
the green energy system that converts electrical energy to chemical energy. This process
is dynamic and flexible, and almost 100 percent pure fuels can be obtained. However,
electrochemical water spitting still demands further research and fundamental
improvements on the development of highly efficient and long-lasting electrocatalysts.>®
The two half-cell reactions involved in electrochemical water electrolysis are hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) occurring at cathode and
anode, respectively. However, most of HER catalysts favors an acidic environment,
whereas OER prefers an alkaline environment.”® The OER encounter sluggish reaction
kinetics due to four electron transfer process, which results in higher overpotential than
that of HER.>!® Therefore, it is desired to develop a bifunctional electrocatalyst that can
overcome these barriers and is able to reduce the overpotential for efficient water
electrolysis.** Noble metal such as Pt, Ru, and Ir-based electrocatalysts are considered to
be the benchmark materials for the HER and OER,**'* however, exorbitant cost and
scarcity limit their practical application.**

Recently, non-precious transition metal dichalcogenides are being widely used
due to their emerging physical and chemical properties. Transition metal selenides have
shown great importance as electroctalyst compared to transition metal oxides because of
less electronegativity of selenium (2.55) than oxygen (3.44).”"° Less electronegative
selenium will show greater covalency with transition metal and thus better charge transfer
will be resulted during water oxidation. Bimetallic catalysts enhance HER and OER
activity due to its synergistic effect. They have shown that addition of copper is expected
to boost the metallic character of the catalyst that allows for faster charge transfer.'>-In
recent years, a number of studies are being performed on growth of thin buffer layers on
different substrates which have led to enhancement in water oxidation by improving its

properties.?’ % Song et.al have synthesized Ni interfacing between NisN and Nickel foam
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(NisN/Ni/NF) electrocatalyst towards hydrogen evolution reaction (HER) and hydrogen
oxidation reaction (HOR).? The catalyst imparted closely zero onset potential in alkaline
and neutral electrolytes, demanding only 12 to 19 mV overpotential to attend a current
density of —10 mA c¢cm 2 for HER. The results suggested the presence of electrodeposited
Ni layer facilitates rich interfacial active sites evidenced from theoretical study that
confirmed the interfacial sites between NisN and Ni provides best hydrogen adsorption
sites with a AGH* of only 0.01 eV which is very close to ideal value of 0 eV. Ni is
known to have a better metal-metal charge transfer (MMCT) activity with Co, as Ni is

213 redox wave.?22* Synthesis of transition metal-based

able to anodically shift the Co
diselenides have been reported using various techniques like selenization, hydrothermal,
electrodeposition, etc.?”? Electrodeposition is the most suitable method among others as
it involves aqueous electrolytes at ambient condition, fast synthesis and can be easily
scaled up.?®

Taking advantages of electrodeposition method and Ni buffer layer between
CoSe, and Cuf, herein we have developed a dynamic electrocatalyst, Cuf@Ni-CoSe, to
boost the performance of overall water splitting. The three-dimensional Cu foam (Cuf) is
the great choice for a substrate material because of its superior electrical conductivity and
high porosity.*®3* A thin Ni layer was deposited on Cuf using the electrophoretic
deposition method, due to the sheer fine-tuning of their surface adsorption properties by a
synergistic neighboring element. Moreover, Ni-based hetero-structures are found to have
the most potential electrocatalytic activity and durability.?? The catalytic activity of as
developed catalyst has an overpotential of 90 mV at 10 mA cm™ for HER and 1.39 V at
20 mA cm™ for OER, which was found to be better than our previous report where the
electrocatalyst based on Cu,Se and CoSe, which was grown on Cuf without the insertion
of Ni buffer layer ( Ni BL) (Cuf@Cu-Co-Se).* In two-electrode cell, the performance
was excellent as only 1.52 V was required to oxidize the water at 10 mA cm™ current
density. The advantage for the inclusion of Ni BL between Cuf and CoSe; can be noticed
as the improvement in overpotential take place.

6.2 Experimental section
6.2.1 Layering of Nickel buffer on copper foam (Cuf@Ni)

The thin layer of Ni was deposited on as-prepared copper foam (Cuf) electrochemically
based on previously reported method.>* Firstly, copper foam of 1x1 cm™ area was

prepared on Cu foil following previous reports. The deposition of Ni BL on Cuf
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(Cuf@Ni) was carried out by using two-electrode deposition method, where copper foam
was used as a cathode and nickel sheet as an anode. The deposition was carried out for a
time span of 60 sec and a constant current density of 0.7 A cm™ was applied between the
electrodes that were kept at a distance of 1.5 cm in an electrochemical cell consisting of
0.1 M NiCl,.6H,0+H,SO,. Post deposition sample was washed with DI water for several
times to remove any acidic leftovers and finally it was kept in argon atmosphere for

future use.
6.2.2 Electrodeposition of CoSe; on Cuf@Ni

Electrochemical deposition of CoSe, on Cuf@Ni was carried out under the constant
potential of -0.7 V following three-electrode deposition technique. Electrodeposition of
CoSe, was conducted by taking an aqueous solution of CoCl,.6H,0 (10 mM), KCI (50
mM) and SeO; (10 mM) in an electrochemical cell for different time spans (15, 30, 45,
60, 75, 90 and 105 minutes) as schematically illustrated in Figure 6.1.

Figure 6.1. Schematic illustration for the synthesis of Cuf@Ni-CoSe; electrocatalyst.

The optimized time of the as prepared catalyst was finalized to be 90 min after studying
their electrochemical activities. The as-prepared electrode was used as working electrode,

graphite rod and Ag/AgCl (3M KCI) were used as counter and reference electrodes,
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respectively as shown in Figure S1, Supporting information. After deposition (as shown
in Figure S2, supporting information), the sample was washed thoroughly with DI water

and stored under vacuum conditions when not in use.
6.2.3 Electrochemical measurements

The electrocatalytic performances of the as synthesized catalyst were carried out
primarily in a three-electrode system using Cuf@Ni-CoSe, as a working electrode,
Hg/Hg,SO, (saturated K,SO,) as the reference electrode and graphite rod as the counter
electrode in 1 M KOH solution under ambient temperature and pressure. The activity of
Cuf@Ni-CoSe; catalyst were compared with other control samples such as Pt/C, RuO,,
Cuf@Cu,Se/CoSe; (Cuf@Cu-Co-Se), Cuf@Ni and bare Cuf. The obtained potential was
calibrated to reversible hydrogen electrode (RHE) using the formula (unless mentioned

otherwise).

Erne = (EngHg2s04 (saturated) T 0.65 + 0.0591 pH) V.

iR compensation was done using the impedance taken at open circuit potential (OCP).
The iR compensation was not done when the scan was taken in a two-electrode system.
The electrochemical activity for HER and OER were accomplished with the help of linear
sweep voltammetry (LSV) technique at a scan rate of 10 mV s* and for calculation of
Tafel slope, the scan rate was taken as 1 mV s™. To activate the active sites of the
catalyst, the electrode was electrochemically activated for few cyclic voltammetry (CV)
scan. The current was normalized with the geometrical surface area of the electrode. For
the analysis of stability and durability of the catalyst, chronopotentiometry (CP)/step CP
measurements were investigated. The electrochemical impedance spectroscopy (EIS) was

conducted at a potential of 1.5 V in the frequency range of 10°-107 Hz.

6.3 Results and discussion

6.3.1 Physical characterizations

The structural and morphological investigations were performed to analyze the physical
properties of the as-synthesized catalyst. The structure of the catalyst has been
schematically represented in Figure 6.2a. First, the X-ray diffraction (XRD) analysis was
performed to understand the crystallinity of the material as shown in Figure 6.2b. The
plane (111), (200) and (220), corresponds to Ni, appeared at an angle of 44.5°, 51.8 * and
76.3°, respectively (JCPDS card no. 00-004- 0850). The planes (111) and (200) at an
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angle of 43.9°and 51.02 attributed for the cubic lattice planes Cu (JCPDS card no. 01-
070-3038). The planes corresponding to 26 of 29.2°(011), 37.1°(200), 64.4° (202), 75.1°

(132), 77.4° (330) and 82.7°(103) are observed in the final catalyst sample for CoSe,
species.
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Figure 6.2. (a) Synthetic pathways of the Cuf@Ni-CoSe, catalyst (b) corresponding XRD of the sample (c)
FESEM image of Cuf@Ni (d-f) FESEM images of Cuf@Ni-CoSe, catalyst. (g-k) elemental mapping of the
element (I) EDAX and atomic percentage of Cuf@Ni (m) EDAX and atomic percentage of Cuf@Ni-CoSe,
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All these planes resemble with the orthorhombic lattice of CoSe, species (JCPDS card no.
01-089-2003), indicates the formation of CoSe, on the Cuf@Ni substrate. The XRD
analysis suggests that the Ni buffer layer was formed on the copper foam onto which a
layer of CoSe, were electrochemically deposited. The morphological studies of the
catalysts have been investigated using field emission scanning electron microscopy
(FESEM) as shown in Figure 6.2c-f. The FESEM image of as-deposited Ni on Cuf
(Figure 6.2c) clearly shows a layer of Ni film covering the dendritic surface of Cuf. After
the deposition of CoSe, (Figure 6.2d-f), a 3D coral like network structure with several
loaded coarse were deposited on the skeleton of Cuf@Ni material in a contrast to the
smooth surface of galvanostatically deposited Ni BL on Cuf. The elemental mapping of
Cuf@Ni-CoSe; revealed the uniform distribution and presence of Cu, Ni, Co and Se in
the as prepared catalyst as shown in Figure 6.2g-k. Corresponding Energy dispersive X-
ray (EDX) spectrum study and atomic percentage of Cuf@Ni and Cuf@Ni-CoSe, were

performed for quantification of the elements as shown in Figure 6.2 | and m, respectively.
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Figure 6.3. (a) Transmission electron microscopy (TEM) of Cuf@Ni-CoSe, showing electrodeposited
dendrites of Cuf. (b) TEM image showing the interfaces for the three layers of Cuf, Ni and CoSe (c)
HRTEM fringe width (d) SAED pattern related with the planes
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The transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were taken for more depth morphological study of the
sample, which showed the evidences for the presence of CoSe, and Ni species in the
catalyst. The image shown in Figure 6.3a shows the dendritic morphology of Cuf, on to
which the as-deposited Ni (111), Ni (200) and CoSe; (011) layer is grown. Figure 6.3b
clearly shows the three layers of Cuf, Ni and CoSe, with interfaces. The corresponding
HRTEM and SAED study of the sample were also performed which was found to be well
correlated with XRD pattern as shown in Figure 6.3c and d. X-ray photon spectroscopy
(XPS) was employed to investigate the chemical states and coordination environment of
the catalyst. The coordination environment and oxidation state of the catalyst are the

responsible factors for the activity of the electrocatalyst in terms of water electrolysis.
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Figure 6.4. High resolution XPS spectrum of (a) Co 2p (b) Ni 2p (c) Cu 2p (d) Se 3d

The deconvolution of Co 2p spectra disclosed the binding states Co2ps, and Co2pay,
where the peaks are located at 778.9 eV and 794.9 eV (Figure 6.4a), which is attributed to
oxidize Co species present in the sample. The peaks appeared at 783.2 eV, 786.5 eV and
801.2 eV are the satellite peaks due to the antibonding orbital of CoSe present in the
catalyst. Figure 6.4b denotes the XPS scan for Ni layer present in the sample and reflects
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the main peaks at 852.4 eV and 869.3 eV, which is due to the metal Ni present in the
form of buffer layer. The peak around 873.5 eV, corresponds to the oxidized Ni species
present in the sample which can be due to the air oxidation of the sample during
atmospheric exposure. Furthermore, there were no evidence of nickel peak, Ni®* (around
854 eV) were investigated which confirms that Ni is not forming any bond with selenium.
The binding energy of Cu2ps;, and Cu2ps, is shown is Figure 6.4c, which depicts the
presence of the peak at 932.2 eV and 952 eV, which is the metallic as well as oxidized
species of Cu present as a substrate. The satellite peak was found to be located at 935.0
eV, 943.2 eV, 955 eV and 964 eV. The deconvoluted Se 3d spectra revealed the presence
Se 3ds, and 3ds;, peaks located at around 54-56 eV, which is due to the metallic Se

present in CoSe;, bond as shown in Figure 6.4d.

6.3.2 OER and HER Catalytic Performances

To evaluate the electrocatalytic activity of the as-synthesized catalysts, the working
electrodes were tested in a 1.0 M KOH solution primarily in a three-electrode

configuration.
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Figure 6.5. (a) OER activity of Cuf@Ni-CoSe, compared with different control samples (b) Corresponding
Tafel slope of OER activity of Cuf@Ni-CoSe, catalyst (c) HER activity of Cuf@Ni-CoSe, compared with
different control samples (d) Corresponding Tafel slope of HER activity of Cuf@Ni-CoSezcataIyst.
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For the comparison, bare Cuf, Cuf@Ni, our recently reported catalyst,
Cuf@Cu,Se/CoSe,,*® Pt/C and RuO, were also tested. All the LSV scans were iR
compensated, unless mentioned otherwise. Firstly, the OER study of the catalysts were
performed using the linear sweep voltammetry (LSV) technique. Figure 6.5a depicts the
polarization curve of Cuf@Ni-CoSe, for OER along with all the control samples with iR-
correction. The Cuf@Ni-CoSe; electrode as anode for OER showed the superior catalytic
performance and a low overpotential of only 160 mV and 240 mV to drive a current
density of 20 mA cm™ and 50 mA cm, respectively, which is less than that of Cuf@Cu-
Co-Se (170 mV, j=20 mA cm™), RuO, (230 mV, j=20 mA cm™), Cuf@Ni (310 mV, j=20
mA cm) and bare Cuf (630 mV, j=20 mA cm™). Figure 6.5b depicts the Tafel plot
(overpotential(n) vs log(j)) for the analysis of electrode kinetics, which was plotted from
LSV scan taken at a scan rate of 1 mVs™. The Tafel slope of Cuf@Ni-CoSe, was
calculated to 100 mV dec™, which was found to be the lowest among all the control
catalyst. The Tafel slope of Cuf@Cu-Co-Se was found to be 115 mV dec™, which was
lower than that of RuO, (120 mV dec™), Cuf@Ni (420 mV dec™) and bare Cuf (700 mV
dec™). The lower Tafel slope of Cuf@Ni-CoSe, indicates the faster kinetics of OER at

applied overpotential which results in the high activity of the catalyst.

To further check the bifunctional activity of the catalyst, the HER activity of the
catalyst was performed in a three-electrode system using the LSV technique (Figure
6.5¢). The Pt/C dropcasted on Cuf showed the overpotential of 27 mV at 10 mAcm™ and
the as-prepared Cuf@Ni-CoSe, showed the remarkable electrocatalytic activity with a
high current density value. The overpotential of only 90 mV and 188 mV were required
to attained the current density of 10 mA cm™ and 50 mA cm™, respectively. These HER
overpotential values were found to be better than Cuf@Cu-Co-Se (110 mV), Cuf@Ni
(250 mV) and bare Cuf (395 mV), compared at a current density of 10 mA cm™. This
improvement in the overpotential of Cuf@Ni-CoSe, with respect to Cuf@Cu-Co-Se due
to synergy between Cuf@Ni and CoSe,. The Tafel slope for the catalysts towards HER
activity was also analysed in order to check the chemical kinetics of the catalyst towards
electrocatalytic activity as shown in Figure 6.5d. The Tafel slope of Cuf@Ni-CoSe; was
calculated to be 125 mV dec™ which is greater than Pt/C (96 mV dec™) but smaller than
Cuf@Cu-Co-Se (140 mV dec™), Cuf@Ni (405 mV dec™) and bare Cuf (500 mV dec™).
This admirable performance of the catalyst may arise due to the efficient electron surge

from the Cuf to the electrodeposited CoSe, through Ni BL as described below.
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6.3.3 Full cell characterizations

Furthermore, the bifunctional activity of the catalyst, Cuf@Ni-CoSe,, have been explored
in order to check the full cell performance. The Cuf@Ni-CoSe; have been assembled as a
cathode as well as anode in a two-electrode system containing 1.0 M KOH as shown in

Figure 6.6a.
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Figure 6.6. (a) Polarisation curve of Cuf@Ni-CoSe, along with all other catalyst in a two electrode system

(b) Chronopotentiometry (CP) current ramping of Cuf@Ni-CoSe; at different current density ranging from
-2 -2

10 mAcm to 100 mA cm (c) CP plot of Cuf@Ni-CoSe2 in a two electrode system at a constant potential

of 1.52 V (d) EIS analysis and Nyquist plot with fitted circuit in inset () Cyclic voltammetry of Cuf@Ni-

CoSe;, at different scan rates in non-faradic region for the calculation of electrochemically active surface

area (ECSA).(f) Linear slope of Cuf@Ni-CoSe, with respect to current density and scan rate extracted
from CV taken at different scan rate in a non-faradaic region.
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The LSV plot suggested that the full cell voltage of the Cuf@Ni-CoSe, at 10 mA cm™
current density is very less (1.52 V) and a higher current density was achieved as
compared to other electrocatalysts. A close look in to the zoomed version of the
polarisation curve (inset of Figure 6.6a) gives the idea of full cell potential of Cuf@Cu-
Co-Se (1.56 V), Pt/C+RuO, (1.66 V), Cuf@Ni (1.83 V) and bare Cuf (2.0 V). The
activity of the as-synthesized catalyst Cuf@Ni-CoSe, was compared with the other
recently reported electrocatalyst and found that the Cuf@Ni-CoSe, impart better
performance than other water splitting catalyst as listed in Table 6.1.
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Figure 6.7 (a) UPS spectra of Cuf, Cuf@Cu-Co-Se and Cuf@Ni-CoSe; catalysts showing Fermi
energy (EF) at the low K.E region and the cut-off energy at the high K.E region; (b)
corresponding work-functions of the materials and (c) charge transfer mechanism in Cuf@Ni-
CoSe, facilitating HER and OER processes.

The mechanical robustness and the stability of the electrocatalyst Cuf@Ni-CoSe,, was
investigated through multistep chronopotentiometry (CP) experiment. This parameter is
very important and a stable electrocatalyst is critically required for industrial application
purposes. Figure 6.6b shows multi-current analysis of Cuf@Ni-CoSe, electrocatalyst for
6 h using chronopotentiometry technique (the corresponding potential was recorded at
different applied current densities in the range of 10 mA cm™ to 100 mA cm™ with a hold
time of 1800 s). After 5 h CP run the current again set at the current density for 20 mA
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cm™ and 10 mA cm™, respectively, for next 1 h to return at their corresponding potential.
It was observed that the potential remains same as of initial value at the particular current
density, showing the excellent durability and mechanical robustness of the catalyst. This
measurement approves that the as synthesized catalyst is a promising candidate for water
splitting. The long-term durability of the catalyst was also tested for 107 h continuous CP
run as can be seen from Figure 6.6 c. The performance of the catalyst after 93 h was
found to be 91% retaintion of the potential of its initial value and maintained 87 %
potential retention till 107 h run. This study proves the excellent stability of the catalyst.
It is satisfying to note that the nickel BL actually protecting from the surface oxidation of
Cuf and thus increases the stability. Electrochemical impedance spectroscopy (EIS)
technique was adopted to further investigate resistance of the electrode-electrolyte
interface. The corresponding Nyquist plot of the catalyst is shown in Figure 6.6 d. It has
been revealed that Cuf@Ni-CoSe;, has a very low solution resistance (Rs) of 2 Q and a
charge transfer resistance (Rc) of 19 Q. This smaller value of Ry and R plays an
important role for the faster kinetics in water electrolysis. The catalyst Cuf@Ni-CoSe;
provided a large electrochemically active surface area (ECSA) of 1070 cm™, which was
calculated from the double layer capacitance (Cq) value of 42.8 mF cm™ taken from CV
scan in a non-faradaic region as shown in Figure 6.6 e and f. This large active surface
area reflects to the better intrinsic activity and indicates the more availability of the
catalytic active sites for hydrogen and oxygen formation.

Cu foam has sufficient d-electron density and is an ideal conductive support for a
self-supportive electrode material, as already shown in our previous studies. As discussed
above Ni is known to have a better metal-metal charge transfer (MMCT) activity with
Co.2% Hence, in order to have the advantages of both conductive support as well as
better MMCT interactions, we have electrochemically grown a Ni BL as a connective
link between Cu foam and CoSe; such that a greater surface area of Ni and Co layers
could be in close proximity for an enhanced interaction. For any electrocatalytic process,
it is highly desirable to have an electron sufficiency at the electrode surface capable of
participating in the reaction steps. The addition of a sandwiched Ni layer behaves as a
valve to enhance the electron thrust from the substrate to the material surface with no
compromise in the overall material conductivity, ideally behaving as a “buffer layer”. The
MMCT and the electron tunneling within the material upto the surface was supported
with the help of UPS studies as shown in Figure 6.7 a, where a notable reduction in the

work-function (calculated from Equation 1 and shown in Figure 6.7 b) of the final
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material Cuf@Ni-CoSe, (¢ = 3.48 eV) supports our claim and advocates the role of Ni in
reinforcing the internal electronic play resulting in an improved water splitting process
than its control counterparts like bare Cuf and Cuf@CoSe, (mechanistically demonstrated

in Figure 6.7 c).

¢ = ho — (Ecut—off energy — Er) 1)

where, ¢ is the work-function of the material, hv denotes the energy of the incident
photon of He (1) source (21.22 eV) and Ey is the energy at the Fermi edge level of the

material.

The Faradic efficiency of the as

: . 5
synthesized catalyst was evaluated in order
to check the rate of evolution using water a4 H2
gas displacement method.”® The Cuf@Ni- é 3
7]
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corresponding readings of charge and displacement were recorded during the electrolysis
process and the ratio of experimental and theoritical value of H,/O, were calculated. The

b
Catalyst surface — o
* L]
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Figure 6.9. Hydrophilicity analysis of Cuf@Ni-CoSez(a) before and (b) after the drop absorbed
on the surface

displacement of the H,/O, (cathodic and anodic chamber) were maintained the ratio of
2:1 duing the whole period of electrolysis. The faradic efficiency was calculated to be
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99.87 % as shown in Figure 6.8. The faradic efficiency was calculated using the formula
given in equation 2:

FE = H, /0,(Experimental)
"~ H, /0, (Theoretical)

(2)

Table6.1. A comparison plot for HER, OER and full cell overpotential with recently reported catalyst.

Catalyst Overpotential for Overpotential for ~ Full cell References
HER (mV) OER (mV) n@l0
mA cm?
V)
CuCo2Ses | m10 =125 nso = 320 nso = 1.78  ACS Appl. Energy Mater.
2020, 3, 3092—3103
p-CoSe,/CC | nwo =138 N = 243 Mo = 1.62  ACS Sustainable Chem.
Eng. 2018, 6, 11, 15374—
15382
NiC0284@NiFe N1 = 200 MN60 =201 T]10:1.60 ACS App' Mater.
LDH/NF Interfaces 2017, 9, 18,
15364-15372
Y-S Ni—Co-Se/CFP | 110 = 250 N1 = 300 N1o= - ACS Sustainable Chem.
Eng. 2018, 6, 8, 10952—
10959
CoOx—CoSe/NF | mn10=90 Msoo = 380 N2o = J. Mater. Chem. A,
1.66 2016, 4, 10933-10939
P,CU-COo,gssG/NF N = 96.8 MN100 = 300 nlo:1.57 j.jallcom.2021.161696
CoNiSe/NC Mo = 100 N1 = 270 M2 =1.65 j.jechem.2018.09.015
Zn0.1C00.9Se2 | nio =140 N1 = 340 N1o= - J. Mater. Chem. A,
2017,5, 17982-17989
C00.75Nig.25Se/NF Nio = 106 ns0 = 269 Nio = 1.60 Nanoscale, 2019,11,
7959-7966
0-Co005M0gsSez | 1o = 102 N = 189 nw=1.53 smll.202000797
CoNizSes | mio =184 N = 244 N = j. ijhydene.2020.11.252
1.63
(Fe-Co)Se2 | n1o=90 N1 = 251 Mo =1.59 j. jcis.2019.04.029
Co-Fe(1/1)-Se | n10 =129 N = 270 Mo = 1.68 j.matchemphys.2021.125
201
Coo.9Feo1-Se/NF N =121 N1 = 292 Mo =1.65 j.jechem.2021.01.002
0D—2D CoSes/MoSe; Nio = 90 N = 280 Nio = 1.63 fchem.2020.00382
EG/Ni3Se2/CogSg | m20 = 170 - nwo=1.62 Nano Lett. 2017, 17, 7,
4202-4209
Cuf@Ni-CoSe | nio =90 N20 = 160 nwo=1.52 This work

Lesser contact angle between the electrode and the electrolyte interfaces leads to
better facilitation of the mass transfer and reduction in the intrinsic resistance. Thus, the
hydrophilic nature of the electrocatalyst is desired for better electrochemical activities.
Interestingly, Cuf@Ni-CoSe; electrocatalyst showed superhydrophilic behaviour making
a contact of 0° between water droplet and the electrode material (Figure 6.9 a and b).

6.4. Conclusion
The electrochemical deposition of cobalt selenide on the surface of galvanostatically
deposited Cuf@Ni has been prepared. The binder-free electrocatalyst Cuf@Ni-CoSe;

have been proved to be a promising bifunctional candidate for water electrolysis with an
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admirable activity. The Ni intermediate layer through MMCT interaction with Co
facilitates better electron transfer from the substrate to catalyst, as evidenced from UPS
technique, is actually responsible for high efficiency of the catalyst. Further, the as-
deposited catalyst on the 3D porous dendritic copper foam was found to be
superhydrophilic in nature that played a crucial role for the water adsorption and hence
improved performance. The electrochemical characterizations justified that the catalytic
activity was worthy in terms of overpotential, kinetics, stability and durability. Further,
the full cell voltage of the catalyst Cuf(@Ni-CoSe; was found to be only 1.52 V to drive a
current density of 10 mA cm™® The CP and multistep current ramping stability
demonstrated that the catalyst is mechanically robust and stable, which is favourable for

commercialization.
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Chapter 7

Abstract: Binary transition metals are being widely regarded as active sites for
bifunctional electrocatalytic reactions, but it is hard to explain the origin of their
efficiency. There is plenty of room for exploration of the “synergistic effect” of the
binary metals reinforcing electrocatalysis. This work is focused on the systematic
navigation of the n-electronic interaction between the ey and ai4 orbitals of square-planar
Fe and Co atoms, respectively, in the Fe-Co bimetallic catalyst (FeCoDACYys). An
extended electronic play prevails in the system, where —S-N moiety is present with both
the metals, which trigger the oxygen electrocatalysis reactions at the cost of a low
overpotential. This enhanced catalytic performance of the material is further exploited for
liquid state Zinc-air battery, where it delivered an open circuit potential of 1.26 V and a

peak power density of ~125 mW cm™.

We acknowledge RRCAT Indore, India for EXAFS and XANES analysis.
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7.1 Introduction

The growing energy concerns and rapid exhaustion of non-renewable energy sources tend
the scientific findings to incline toward alternatives and sustainable energy.! As an
attempt to address this issue, a major field of research is focused on commercializing fuel
cells? and metal-air batteries. In particular, Zinc-air battery is considered to be quite
promising owing to the abundance of metallic zinc anode, its environmental benignancy,
low cost, and high theoretical specific capacity.®® that are constituted of two important
electrocatalytic processes such as oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER). This calls for the increasing demand for bifunctional electrocatalysts that
would be cost-effective, easy to synthesize, can be rendered in a large-scale, should have
abundant active sites with an appreciable electrocatalytic activity.’

Transition metals bonded with the hetero-atoms™® and heteroatoms-doped
carbonaceous matrix are much-surveyed electrocatalyst for ORR and OER. Among the
transition metal cations, Fe and Co are found to be the most appreciated with respect to
their oxygen electrocatalysis performance due to fair conductivity and availability of d-
electrons.® Anionic heteroatoms like N, S, B, P, Si, embedded in metal doped carbon
sheets not only act as a pillar to stabilize the transition metal atoms but they modify the
electronic structure of the metal atoms by altering the Fermi energy levels and fine-tune
the local electronegativity. *'*2 These factors directly improvise the adsorption of reactant
molecules, the binding energy of oxygen in the intermediate compounds and finally
desorption of the end products. Thus, it is clear that the coordination of the active sites
has many roles to play in boosting the electrocatalytic performance of the electrocatalysts
and should be ascertained with cutting edge characterization techniques. However, there
is a huge scope to design an electrocatalyst with binary transition metal and heteroatoms
doped carbon catalyst and understand the role of active sites during electrocatalysis.

To date, the suppositions regarding the active centre responsible for OER and
ORR are a much-debated topic. Although not much has been established regarding the
mechanistic elaboration of OER, but a synergistic concept validated between Fe and Co
in enhancing the OER reaction kinetics by lowering the potential for Fe-O-O-Co bond
(Figure 7.1a) formation, one of the key intermediates for OER.**!* With regards to ORR,
Wang et al. presented a size-activity relationship of FeCo alloy embedded in the N-doped
carbon matrix, where they opined that Fe-Co dual metal centre provided an active site for

oxygen binding and its subsequent reduction at a low cleavage energy barrier (Figure
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7.1b,c). 1> Although, with the help of DFT studies, they have explained that Fe is
reasonably more responsible for ORR than Co, there is a mechanistic lagging that could
not foretell how oxygen was binding together on Fe-Co site or what electronic
interactions drew oxygen to bind on Fe-Co dual site and get reduced subsequently.

Similarly, Chen et al. also showed that the combinatorial effect between Fe and Co is the
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Figure 7.1. (a-h) Different mechanistic approach proposed so far for ORR and OER on Fe and
Co-based binary and dual active sites; (i) Schematic representation of the S-N-Fe-Co-N-S active
site structure of the FeCoDACys catalyst; (j) Molecular orbital diagram showing the r-electronic
interaction between the d,, or d,, orbital of square-planar d® Fe(ll) and d,” orbital of square-
planar d’ Co(ll).

key factor for enhancing the ORR catalytic performance of FeCo-1A/NC catalyst (Figure
7.1d).Y But they also did not elaborate that what kind of mechanism was operating
between the binary metals that boosted the oxygen reduction activity. For the combined
oxygen electrocatalysis, the participation of Fe and Co has been quite mechanically
reported by Chen et al. that although Fe is responsible for a remarkable ORR activity, the
durability of the process is dictated by Co and a synergistic effect between the two metals
has an impact on the improved OER performance of the NCAG/Fe-Co catalyst (Figure

7.1e).2 So, there persists a genuine gap regarding the proper justification of the electronic
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environment around the metal centres and how they complement each other in reinforcing
the catalytic processes. When this matter still remains unresolved, another report from
Huang et al. discussed the role of dual doping of metal as well as electronegative dopants
like N and S in the carbon matrix (Figure 7.1f) for attainment of desirable ORR with
minimum (~ 0.5 %) perturbation from side product formation H,0,.'® Contrary to this,
Zhang et al. showed that the electronegative dopants (nitrogen and sulphur), bonded
together with the metal centre (Figure 7.1g) reinforced the ORR activity by suitably
altering the electronic states of the associated atoms.'® They further introduced the
importance of N acting as a bridging atom between Fe and S towards the electronic
movement and enhancement of electron density over the metal centre prior to initiation of
ORR. Zhao et al. ?° made an attempt to collab the electronegative hetero-dopants like
nitrogen®* and sulphur with Fe-Co binary metals that contributed strongly to the ORR
activity, including the improvement in the onset potential and limiting current density
(Figure 7.1h). Therefore, it is crucial to explore the electronic movements within the
active domain of the catalyst Herein, for our active system FeCoDACys, we aim to
mechanistically justify the so-called “synergistic effect” between the metal atoms, the
additional benefaction of N and S dopants and to bridge up their individual roles in the S-
N-M;-M»-N-S active site, augmenting the electrochemical activity of the catalyst toward
ORR and OER. We further extend our findings to demonstrate the performance of our
material in liquid state Zinc-air battery.

7.2 Experimental

7.2.1 Methodical synthesis of the catalyst material to obtain S-N-Fe-Co-N-S active
site

In this work, we designed a carbonaceous electrocatalyst based on Fe-Co dual site
coordinated with N and S as co-dopant (Figure 7.1g), where dopamine and cysteine
served as the source of N and S respectively. The synthesis of FeCoDACys
electrocatalyst was done by grinding the mixture of dopamine, L-cystine, FeSO,4.7H,0
and CoCl,.6H,0 using a mortar and pestle in a proportionate amount Fe:Co:DA:Cys
(0.4:0.6:1:0.2) in molar ratios, followed by pyrolysis at 800°C for 2 h in an argon
atmosphere (99.99%) at a constant heating rate of 3°C min™. The pyrolyzed sample was
then ball milled at 300 rpm for 30 min to form a uniformly grinded fine powder. The
obtained sample after ball milling was then washed with dilute HCI (6M) for 10 times to

remove the inactive Fe and Co particles from the sample. The sample was then followed
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by the stepwise washing with Milli-Q water, until a neutral pH was attained and finally
dried in a hot air oven at 60°C for 24 h. For the comparison of the activity and to

understand the mechanism, FeDACys and CoDACYys were also synthesized using the

FeCoDACYys

Pyrolysis »

{

¢

;‘!~)é’\-ns—f'j )
~‘\ > FeSO,
+ <
) <
{ ’ Dopamine + L-Cystine

Bifunctionai activity of FeCoDaClys

Figure 7.2. Schematic representation of the synthesis of FeCoDACYys catalyst and the
S-N-Fe-Co-N-S active unit responsible for oxygen electrocatalysis

same protocol as stated above. A detailed synthesis route has been schematically
represented in Figure 7.2. This method enabled us to have a precise control over the local
coordination of the active site to achieve S-N-M;-M,-N-S architecture in the carbon
framework, which favored the adsorption of H,O and O, during the OER and ORR
processes respectively. A delocalization of free electrons prevails between the positively
charged metal centers (Fe-Co) and an energy transfer owing to this electronic movement
provides thermal stability to this bimetallic system. In fact, the electron donating anionic
dopants altered the electronic bands of the square planar metal centers # in such a way
that a m-electron drift occurs from the eq orbital (dx, or dy,) of Fe to more electronegative
a;q orbital (d?) of Co (Figure 1h).%

7.3 Results and discussion
7.3.1 Physical characterizations of the FeCoDACYys catalyst

The surface morphology of the FeCoDACYys catalyst is inspected from scanning electron

microscopy (SEM) and transmission electron microscopy (TEM) (Figure 7.3 a,b), which

173 |Page



Chapter 7

reveals a crumbled sheet like morphology of the carbon network. The elemental mapping
in Figure 7.3c-h shows the presence of Fe, Co, S, N and C elements in the FeCoDACYys
sample. The high resolution (HR)-TEM image of the catalyst in Figure 7.3i displays
lattice fringes corresponding to a width of 0.34 nm for the (002) plane of the carbon

matrix. In the energy dispersive X-ray analysis (EDAX) (Figure 7.3]j) distinct peaks for
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Figure 7.3. (a-b) SEM/FESEM image of FeCoDACYys at a magnification of 2 xum and 200 nm
respectively; (c-h) Corresponding elemental mapping of the catalyst taken from SEM. . (i) :
HRTEM image of FeCoDACYys catalyst showing the fringe-width for carbon (002) plane (j) EDAX
mapping for the elements present in the FeCoDACYys electrocatalyst showing carbon, nitrogen,
sulphur, iron, cobalt and oxygen (k X-ray diffractometry for FeCoDACys sample including all the
control samples (I) BET adsorption-desorption isotherm (m) Pore size distribution of FeCoDACYys
catalyst.

all the aforesaid elements could be visible. The X-ray diffraction (XRD) analysis as
displayed in Figure 7.3k reveals two broad diffraction peaks at ~24° and ~44°, which is
attributed to the (002) and (100) planes of the graphitic carbon in the sample. There was
no trace of any metallic peak corresponding to Fe and Co that confirms the nullification
of nanoparticle formation upon repeated washing and that Fe and Co are atomically
dispersed in the carbon matrix as reported in the STEM image. FeCoDACys material

possess mesoporosity which was confirmed from N, adsorption-desorption isotherm. The
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graph displays type IV isotherm with a hysteresis loop in the higher relative pressure
region (P/Py) along with a steep increment of adsorption capacity in 0.9-1 range of
relative pressure (P/Po) indicating the co-existence of mesoporosity and interparticle
porosity in the sample (Figure 7.3I). The pore size distribution curve was obtained from
the isotherm empolying nonlocal density functional theory (NLDFT) which ensures the
presence of mesopores (2.8 nm) in FeCoDACYys sample as shown in Figure 7.3m. The
Brunauer—Emmett—Teller (BET) surface area of FeCoDACYys catalyst was calculated to
be 105 m’g™.},2 A more detailed insight regarding the elemental composition of the
FeCoDACYys catalyst is acquired from X-ray photoelectron spectroscopy (XPS) analysis

(Figure 7.4). X-ray photoelectron spectroscopy (XPS) was performed to measure the
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Figure 7.4. XPS for different elements present in the as prepared bifunctional electrocatalyst
FeCoDACYys (a) Carbon (b) Cobalt (c) Iron (d) Nitrogen (e) Sulphur (f) XPS survey.

chemical composition and oxidation state of FeCoDACYys catalyst. The XPS survey scan
depicted the presence of C, N, S, Fe and Co elements in the catalyst. High resolution
spectra for C 1s is shown in Figure 7.4a, which shows the peaks present at 284.17,
285.77, 288.54 and 291.44 eV corresponds to C=C, C=N, C-O and -O-C=0 bond. ** The
high-resolution Co 2p spectra of FeCoDACYys (Figure 7.4b), shows that the spectrum
being deconvoluted into different peaks, the peak at 781.27 and 783.62 eV in Co 2psp
and at 797.62 eV in Co 2pyy is due to Co™/ Co*™ because of the coordination of Co with
O or N ions which is very likely due to Co-Nx formation which was further confirmed
through EXAFS data. Meanwhile, the peak present at 786.72 and 803.13 eV for Co 2p1/2
is the shake-up satellite peak is the sign of Co-OH/Co-O formation, which indicates the

formation of partial oxidation on the surface of FeCoDACYys catalyst which might be
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occurred due to atmospheric exposure.>® However, the presence of oxide peaks was not
evidenced in the XRD characterization, which confirms the oxide formation is due to the
surface oxidation. The spectrum corresponding Fe 2p was deconvoluted into six different
peaks as shown in Figure S7.4c. The peaks at 711.49 and 713.84 eV for Fe 2ps/, and the
peaks at 724.59 and 727.56 eV for Fe 2py, are attributed for Fe** and Fe®*, respectively
which is mainly due the presence of FeN bond. "® The deconvolution of high-resolution
N 1s spectra shows the four distinct peaks at 398.37 eV for Pyridinic N (CN=C), 399.1
eV for the coordination of Fe/Co-Ny bond, 400.43 eV for tertiary N [N-(C)3] and 401.54
eV for the confirmation of amino (N-H) bond (Figure 7.4d). ***The S 2p signal was
further deconvoluted into three peaks as depicted in Figure 7.4e. The peaks at 164.12 and
166.52 eV are corresponding to the presence of bond between carbon and sulphur C-S
and C=S, respectively. The analysis for the present of all the elements with their bonds
and chemical environment was obtained from XPS, which reflects from XPS survey
(Figure 7.4f). The deconvoluted N 1s XPS spectrum displayed the peak position
corresponding to Fe/Co-N bond at 399.1 eV (Figure-S6d); which is near similar to the Fe-
Co/N bond for NCAG/Fe-Co catalyst as reported by Chen et al. ** but different from the
Fe-N peak position (~398.3 eV)™ and Co-N (~399.6 eV).'* This not only emphasized the
presence Fe-Co bond in our active system, but the difference of - 0.7 eV from Fe-N and +
0.5 eV from Co-N corroborated an obvious electronic interaction prevalent between the
metal centers. The morphological properties were further analysed at a higher
magnification in the transmission electron microscope (TEM) to obtain a fine
carbonaceous sheet as shown in Figure 7.5a. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) characterizations
were carried out and bright dots highlighted by yellow ellipses were identified, which are
recognized as Fe-Co binary atoms dispersed within the carbon phase (Figure 7.5b). For
further confirmation, a more cutting-edge characterization tool that is, XAS was adopted
to investigate the oxidation states, bond lengths and local coordination around the metal
centers was adopted, which has been discussed in the later section.

7.3.2 Estimation of the chemical bonds and local coordination environment of the

active site

7.3.2.1 Fourier transform infrared (FTIR) survey of the FeCoDACys catalyst
illustrating the non-metallic bonds
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The FTIR spectrum of FeCoDACYys catalyst in Figure 7.5¢ discloses all the non- metallic
bonds that constitute the basic framework of the catalyst. More precisely, apart from C=C
stretching vibration at 1640 cm™, the stretching frequencies at 1162 and 1304 cm™
correspond to the —S-N and -C=S bonds that establish the proper S doping in the active
catalyst forming the -C-S-N moiety?® citation issue On the other hand, the characteristic
peak at 1466 cm™ denotes the C-N bond stretching. These data predict the presence of
two different coordination environment of the N atoms to which the central bimetals are

adhered as already shown in Figure 7.1g.
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Figure 7.5. (a) TEM image of FeCoDACYys catalyst; (b) HAADF-STEM image of FeCoDACYys catalyst (Fe-
Co single atoms are marked with yellow ellipse); (c) (FTIR) spectrum of FeCoDACYys; Fourier transforms

of (d) ka—weighted Fe and (e) ks-weighted Co k-edge EXAFS experimental data for FeCoDACys and
standard samples; (f) Proposed architecture of the active site part of FeCoDACys with bond lengths,
coordination numbers and oxidation states of the concerned metals.

7.3.2.2 XAS analysis of the material depicting the coordination bonds associated
with the metal centers

Furthermore, the atomic coordination environment and the chemical state of the species
(Fe, Co, N and S) at atomic level in the carbon matrix are confirmed by X-ray absorption
spectroscopy (XAS) measurements. The (FTs) having k’-weighted EXAFS spectrum of
FeCoDACYys at Fe K-edge shows an intense peak at 1.49 A, which is due to the presence
of Fe—N coordination in the carbon matrix.** The proclamation of Fe-Co metal-metal

bond is advocated due to the peak at ~2.5 A, which is different from what is obtained for
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Fe-Fe (2.2 A) from Fe foil and Fe-Fe (2.6 A) from FeO (standard samples). The EXAFS
data for FeCoDACYys was further shell-fitted with Fe-Co bond (red dotted line in Figure

7.5d), which displayed an identical peak position as that of Fe-Co obtained for our
material at 2.5 A.
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Figure 7.6. (a) Fitting of FT-EXFAS signal for Fe K-edge (b)Fitting of FT-EXFAS signal for Co K-edge .
The normalized XANES spectra of (c) Fe k-edge (inset shows enlarged pre-edge peaks) and (d) Co k-edge
(inset shows enlarged pre-edge peaks) of FeCoDACYys and all the standard samples

Table 7.1. Different parameters obtained from the EXAFS fitting of FeCoDACYys catalyst

Scattering Pair Coordination (N) R (A)
Fe-N 1.88+0.30 2.03 £0.030
Fe-N2 1.11+0.73 2.32+0.035
Fe-Co 1.23+0.42 3.01+0.085
Co-N 1.85+0.36 2.05+0.018
Co-N3 0.8+£0.22 2.07£0.025
Co-Fe 1.15+0.53 3.34+0.089

N is the coordination number and R is the distance between absorber and back-scattered

atoms.
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This is an indication that there was no self-aggregation of metals (Fe-Fe) in the
FeCoDACYys catalyst molecule.™ There was also no trace of Fe-O (1.38 A) or Fe-S (1.8
A) bonds for FeCoDACYys, which confirms that Fe was directly coordinated to N and Co
atoms only in the first coordination sphere as revealed from Figure 7.5d. The FTs with k*
weighted EXAFS spectrum at Co K-edge (Figure 7.5€) reveal the main peak at 1.5 A,
which is attributed to Co-N bond and the peak of Co-Fe (2.2 A) further confirms the
formation of metal-metal bond with no extra undesirable peaks for Co-O or Co-S (1.8
A).1 1718 This deviation is certainly the indication of the N-S bond in the second
coordination sphere of both the metals (Figure 7.5f), which is in accordance with the
FTIR spectral data. The quantitative fitting of the EXAFS curves (Figure 7.6a-b) predicts
that the coordination of both the metals is localized with one metal-metal bond and three
N atoms, out of which two different M-N bond lengths are evidenced (Table 7.1).
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Figure 7.7. (a) Mass loading optimization of FeCoDACys catalyst toward ORR (b) LSV polarisation curve
for FeCoDACYys electrocatalyst at rotating speed from 625 to 4900 rpm at a scan rate of 10mVs™ (c) the K-
L plot of the catalyst at different potentials.

The X-ray absorption near edge structure (XANES) spectra of the FeCoDACYys catalyst at
Fe and Co K-edges reveal ~ +2 oxidation states of the Fe and Co species in the
FeCoDACYys catalyst both from the edge and pre-edge peak positions (Figure 7.6¢c-d).
Interestingly, appearance of a well-defined pre-edge peak is possible for a non-
centrosymmetric system where there is a p-d mixing of the metal orbitals. For our
material in both the Fe and Co k-edge spectra, the prominent pre-edge peaks (denoted by
red arrow, at 7112 eV for Fe k-edge and 7709 eV for Co k-edge of FeCoDACYys) depicted
that the surrounding of the metal centres were not symmetric with four N atoms. This
gave an indication of the presence of metal-metal bond, which was subsequently
established by the extended X-ray absorption fine structure (EXAFS) and Fourier
transform (FT) k*-weighted spectra.
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7.3.2.3 Plausible electronic interactions prevalent in the active center leading to non-
identical M-N bond lengths

Co, being more electronegative than Fe (xco = 1.88, e = 1.83) directs the electron drift
towards itself, leaving Fe being partially positive in charge. This situation is although
good for OER but uncooperative for ORR and here is why we incorporated S in the
system. S has a predominant +R (R = resonating) effect owing to which it delivers its
lone pair of electrons toward Fe via the vacant p-orbital of N directed perpendicular to the
sp?-conjugated system. But, the Fe-N-S interaction only compensates the electron loss
over the Fe site to make it appropriate for ORR, whereas, a different story lies on the
other side. The Co-N bond length (for Co-N-S) being shorter than Fe-N (for Fe-N-S), the
+R effect of S is stronger here, leading to an excess of electron density over Co,

beneficial for the initial metal-oxidative steps of OER at the cost of low Gibbs free
energy change.
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Figure 7.8. (a) LSV polarization curves for ORR of the as-synthesized catalysts and 20% Pt/C in O,
saturated 0.1 M KOH solution at a scan rate of 10 mV s ' at a rotation speed of 1600 rpm; (b)
Comparative tafel slope of FeCoDACys, Pt/C and all control catalysts for ORR extracted from LSV
polarization curve taken in O, saturated 0.1 M KOH solution at 1 mV s™; (c) LSV for FeCoDACys catalyst
before and after stability for 48 h; (d) OER polarization curves of all the catalysts; (e) Tafel slope for OER
extracted from LSV polarization curves of all the concerned catalysts, taken at 1 mV s*; (f) Schematic
representation of the ORR and OER processes occurring at the respective Fe and Co active sites.

7.3.3 Electrochemical bifunctionality of the FeCoDACys catalyst (Catalytic
reduction of oxygen and decomposition of water)
The performance of FeCoDACYys catalyst toward the electrocatalytic reactions such as

ORR and OER was assessed in a three-electrode set-up where all the potential values are
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designated with respect to reversible hydrogen electrode (RHE). The linear sweep
voltammetry (LSV) measurements of our catalyst and the controlled samples with
rotating ring disk electrode (RRDE) reveal that in O, saturated 0.1 M KOH electrolyte,
FeCoDACYys catalyst forecasted a half-wave oxygen reduction potential (Ey) of 0.74 V

with the optimized mass loading of 1.5 mg cm™ (Figure 7.7a).
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Figure 7.9. (a) H,O, tolerance and number of electrons taking part in the ORR for FeCoDACys catalyst
(b) LSV polarization curves of FeCoDACYys catalyst corresponding to ring (blue) and disc (black) currents
in 0.1 M KOH at 1600 rpm

A properly linear K-L plot was obtained from the LSV curves of the FeCoDACYys catalyst
at different rotation speeds (Figure 7.7b) suggesting a first-order Kinetics of the
concentration of dissolved oxygen'® (Figure 7.7c). The kinetics of the ORR process was
assessed from the intercept of the K-L plot that suggested a kinetic current density (Jx) of
our active material FeCoDACYys to be 11.64 mA cm™. The catalyst potential stood out to
be the best as compared to FeDACys and CoDACYys, where these catalysts are prepared
following the same procedure as FeCoDACYys but using only Fe and Co salts respectively
(Figure 7.8a). This proves that there is certainly some role of the bimetallic bond, which
is so far acknowledged as the “synergistic effect”. A near similar diffusion limiting
current density of -5.3 mA cm™ for FeCoDACYys and -5.6 mA cm™? of Pt/C catalyst
advocate a plentiful number of exposed active sites causing high oxygen diffusion rate
onto the electrode surface.’>?! The mass-transport corrected Tafel slope in Figure 7.8b
(72 mV dec?) for FeCoDACYys confirmed a much faster rate of transfer of the first
electron from the catalytically active site to the oxygen molecule for initiating the ORR
process, better than the control catalysts (FeDACys and CoDACYys). The stability for
ORR was run for 48 h and the corresponding LSV for before and after stability was
recorded and a change of only 10 mV potential were observed which is shown In Figure

7.8c Similarly, as expected, FeCoDACys outperformed all the controlled samples with
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respect to OER potentials at 10 mA cm™ as evident from Figure 7.8d. The kinetics of the
electrochemical OER were investigated from Tafel slope analysis (Figure 7.8e). A
schematic representation of the ORR and OER processes occurring at the respective Fe
and Co active sites are shown In Figure 7.8f. A tabulated form for all the reported catalyst
towards Ey, for ORR, Limiting Current density (J.), E j=10 ma cm-2 for OER is shown in
Table 7.2.

Table 7.2. Catalysts performances on the basis of electrocatalytic parameters for ORR
and OER.

Catalysts Electrolyte Ei, for ORR Limiting Current E =10 ma cm-2 for OER
(V vs RHE) density (J,) (MA cm™) (V vs RHE)
FeCoDACYys 0.74 -5.3 1.53
FeDACys 0.1 M KOH for 0.72 -4.29 2.41
ORR
CoDACYys 0.70 -3.28 1.65
and
Pt/C 1 M KOH for 0.85 6
RuO, OER = - 1.43

An almost 4-electron reaction pathway of the ORR kinetics was verified on the
basis of ~ 25% H,0, formation on the disk and its detection on the ring at fixed ring
potentials during RRDE measurements (Figure 7.9a). LSV polarization curves of
FeCoDACYys catalyst corresponding to ring currents in 0.1 M KOH at 1600 rpm Is shown
In Figure 7.9b. This was also supported by the smaller charge transfer resistance in the
electrochemical impedance spectra (EIS) of FeCoDACYys as compared to FeDACys and
CoDACYys enabling a faster kinetics towards ORR (Figure 7.10a). Furthermore, the
superior stability of FeCoDACYys catalyst (~ 93 % retention of initial current density after
48 h of chronoamperometric run), which is assumed to be for the presence of Co™
(Figure 7.10b) stands well in competition with the commercial Pt/C catalyst (Figure
7.10c). To establish the role of Co in enhancing the stability of our active catalyst, 12 h of
continuous chronoamperometric run was performed with FeDACys and CoDACYys. As
shown in Figure 7.10d, while FeDACys catalyst exhibited 73 % of the initial current
density, CoDACYys displayed 86 % retention of the initial current density. This
corroborates with our claim that the presence of Co with Fe in our final active material
FeCoDACys improved the stability of our catalyst to 95 % after 12 h. This was
corroborated with the LSV polarization curve before and after 48 h of stability test, which

showed a deterioration of only 10 mV of the initial E;/, value (Figure 7.8c).
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Figure 7.10. Electrochemical impedance spectra recorded in 0.1 M KOH for all the control samples along
with FeCoDACys catalyst (b) Chronoamperometry to check the stability of the sample for 48 h; (c)
Comparitive plots showing better stability of FeCoDACYys catalyst over the state-of-the-art Pt/C catalyst
within ~ 4 h of chronoamperometric run (c) Stability (Chronoamperometry) in terms of relative current (%)

of FeDACys, CoDACys and FeCoDACYys catalysts towards ORR.

Thus, although our catalyst lags a few units behind the commercial benchmark

catalyst with respect to Ey,, but it is far more competent in terms of catalyst stability and

durability.

Table 7.3. Comparison table of FeCoDACys catalyst with previously reported binary

(Fe,Co) metal based bifunctional electrocatalysts and OER.

Catalyst

[Ni5.7RU0.3(H HTP)3(HZO)X]n

3D HNG

N, P /CoS,@TiO,NPFs

Co-Ni-S@NSPC

E1o

VS
RHE)
1.62
1.69
1.49

1.7

(V Ee

VS
RHE)
0.68
0.95
0.91

0.82

(V AE

0.94

0.74

0.58

0.88
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A mutual interaction (electron drift) between the Fe-Co bimetallic centers and the impact
of local coordination consisting of electronegative dopants are likely to be responsible for
the aforesaid observations facilitating facile adsorption and desorption of the reactants

and products respectively.

7.3.4 Applicability of FeCoDACYys catalyst in Zinc-air battery.

FeCoDACYys catalyst possesses a reasonably low potential difference (AE) of 0.79 V
between OER @10 mA cm™ and ORR potential at Ei, which suggests that the
electrocatalyst holds good reversible activity for both OER and ORR (Figure 7.11a).
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Figure 7.11. (@) AE of FeCoDACys catalyst showing both ORR and OER activity. (b) Schematic
representation for Zn-air battery assembled in a two-electrode system showing the bifunctional activity of
the catalyst. (c) Polarization curve and power density plot of FeCoDACys and Pt/C+RuQ, as cathode
catalysts (1.5 mgcm?) (d) Cycling stability of FeCoDACys catalyst and comparison with Pt/C+RuO,
catalyst.

The admirable OER and ORR activity of FeCoDACYys catalyst as compared to the other
controlled samples as well as the similar reported catalysts (Table 7.3) encouraged us to
implement it as a cathode material in rechargeable Zn-air battery. A schematic diagram
for Zn-air battery assembled in a 2-electrode system demonstrating bifunctional oxygen
electrolysis of the catalyst FeCoDACYys is shown in Figure 7.11b. The Zn-air battery
performance of the bifunctional catalyst (FeCoDACys) was compared to the
commercially used Pt/C+RuO; catalyst using Zn foil as the anode ina 6 M KOH + 0.2 M
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Zn(CH3COO), solution. This electrolyte concentration was maintained for all the battery
related studies done in this work. The open-circuit potential of FeCoDACYys catalyst was
found to be 1.26 V. The battery displayed a current density of ~480 mA cm™ and peak
power density of ~125 mW cm™ with FeCoDACYys catalyst as compared to Pt/C+RuO
(~643 mA cm™ and 205 mW cm™ respectively), shown in Figure 7.11c. The battery
cycling stability of FeCoDACys and Pt/C+RuO, cathodes were further conducted at a
current density of 2 mA cm™ (Figure 7.11d) for 23 h. To our delight, the Zn-air battery
stability for FeCoDACYys catalyst showed a significant retention of the initial charge-
discharge profile, depicting a better candidature of FeCoDACYys catalyst than Pt/C+RuO,
in terms of long duration of stable battery performance.

7.3.5 Electronic interplay between Fe and Co and distinct role of S dopant towards
oxygen electrocatalysis

Herein, the catalyst FeCoDACYys is consistent with distinct Fe and Co metal centers
active toward ORR and OER, respectively, and the catalytic performance increases
drastically upon metalation between Fe and Co (Fe-Co binary metal centers, equation 7.1
and 7.2).

Fe3* + e~ - Fe?* E=+0.77V (7.1)

Co®t + e~ - Co** E=+182V (7.2)

From the electrochemical potentials of the two redox systems (Fe?*** and Co #*"), it is
convincing that Fe can cause an effective ORR than Co centre as Fe oxidises at a lower
potential than cobalt.??,"® Moreover the +R effect of the S through N atom donates
electron density towards Fe enabling facile oxygen adsorption onto Fe centre (as shown
in Step-1 of Figure 7.12). The initiation of ORR occurs via synergistic 6-bonding and 7-nt
non-interacting coupling interactions®® between the chemisorbed O, and active Fe site
(square planar d® system). This is followed by a series of superoxo and hydroperoxyl
intermediates. The alkaline pH used in this study stabilizes the Fe-OOH" intermediate and
the reaction is kinetically primed towards the 4-electron product (OH) (Step-2). %%
From the electrochemical potential values for Fe and Co redox couples, it is assumed that
for the initiation of OER, adsorption of OH" is favored over Fe (Step-4) with a subsequent
partial bridging of the OH" with the adjacent Co atom and a transient intermediate state is
formed with a prevalent electron cloud over the Fe-OH-Co centers (Step-5). This step is
crucial to switch over the OER process on the Co active site (square planar d’ system).
The intentional incorporation of electronegative N and S atoms induces electron density
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towards Co through +R effect (Step-6). The abundance of electrons enables Co to attain
the higher oxidation state of +4 *® during the initial stages of OER with a low positive
onset potential (Step-7). This is the probable reasons why OER is not favorable on Fe
surface, because, owing to a greater Fe-N-S bond distance, (as revealed from XAS data)
the electronic interaction for Co is likely restricted in the case of Fe where the electronic
movement from N and S atoms only negates the positive charge density formed over Fe.
The release of dioxygen from Co surface, the rate determining step of OER,? is triggered
due to the electron drift from Fe (d,?) to Co (d,?) enhancing the overall kinetics of the
OER process (Step-8,9). Thus, the overpotential AEorr-oer) for the cathode-anode
processes is found to be lower in the case of Fe-Co bimetallic system than distinct Fe and
Co single metal active centers as strongly evident from the electrochemical data.
Therefore, it is clear that the presence of M-N-S moiety in Fe-Co binary metal active
center actually triggered the performances of the FeCoDACYys electrocatalyst.

From the electrochemical potentials of the two redox systems (Fe*** and Co
21 it is convincing that Fe can cause an effective ORR than Co centre as Fe oxidises at
a lower potential than cobalt.??,"> Moreover the +R effect of the S through N atom
donates electron density towards Fe enabling facile oxygen adsorption onto Fe centre (as
shown in Step-1 of Figure 7.12). The initiation of ORR occurs via synergistic o-bonding

and 7-m non-interacting coupling interactions® between the chemisorbed O, and active Fe

OER via Co(+4) intermediate

Fe-O0H
intermediate

Facile
delivery of
oxygen

3e-2e bond
formation

Catalyst
regeneration

Figure 7.12. Stepwise mechanistic illustration of ORR (blue circle) and OER (pink circle) over active
sites of the catalyst.

site (square planar d® system). This is followed by a series of superoxo and hydroperoxyl
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intermediates. The alkaline pH used in this study stabilizes the Fe-OOH" intermediate and
the reaction is kinetically primed towards the 4-electron product (OH) (Step-2). %%
From the electrochemical potential values for Fe and Co redox couples, it is assumed that
for the initiation of OER, adsorption of OH" is favored over Fe (Step-4) with a subsequent
partial bridging of the OH" with the adjacent Co atom and a transient intermediate state is
formed with a prevalent electron cloud over the Fe-OH-Co centers (Step-5). This step is
crucial to switch over the OER process on the Co active site (square planar d’ system).
The intentional incorporation of electronegative N and S atoms induces electron density
towards Co through +R effect (Step-6). The abundance of electrons enables Co to attain
the higher oxidation state of +4 *® during the initial stages of OER with a low positive
onset potential (Step-7). This is the probable reasons why OER is not favorable on Fe
surface, because, owing to a greater Fe-N-S bond distance, (as revealed from XAS data)
the electronic interaction for Co is likely restricted in the case of Fe where the electronic
movement from N and S atoms only negates the positive charge density formed over Fe.
The release of dioxygen from Co surface, the rate determining step of OER,? is triggered
due to the electron drift from Fe (d,?) to Co (d,?) enhancing the overall kinetics of the
OER process (Step-8,9). Thus, the overpotential AEorr-oer) for the cathode-anode
processes is found to be lower in the case of Fe-Co bimetallic system than distinct Fe and
Co single metal active centers as strongly evident from the electrochemical data.
Therefore, it is clear that the presence of M-N-S moiety in Fe-Co binary metal active

center actually triggered the performances of the FeCoDACYys electrocatalyst.
7.4 Conclusions

In conclusion, we successfully synthesized the FeCoDACYys catalyst where the Fe-Co
bond with adjacent N and S coordination formed the S-N-Fe-Co-N-S moiety, which
actually served as the electroactive unit for ORR and OER. Henceforth, we identified the
strengthened electronic interaction between the symmetry matched a4 orbitals of square-
planar Fe and Co atoms respectively in the Fe-Co bimetallic system resulting in Fe**™
and Co*®?®, which has been so far considered as the “synergistic effect” between the
metals. The presence of M-N-S moiety in the bimetal doped carbon matrix increased the
reactivity of the metal centers by directing the electron flow toward the metals via +R
effect, which stabilized the ORR and OER intermediates at an optimum binding energy.

This work thus provides elaborate chemistry of the entire structural finding as well as
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mechanistic approach occurring at the active site of the Fe-Co bimetallic centers

benefitting the two important oxygen electrocatalysis reactions.
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Chapter 8

Abstract: In this chapter, the whole work of the thesis and overall conclusion has been
summarized. The degradation of the environmental condition due to the conventional
energy technologies which are currently accomplished by fossil fuels is urgently needed
to be addressed. This current energy scenario, non-renewable route for energy systems
and global atmospheric conditions motivated us to work towards the generation of
renewable fuel (hydrogen) and its applications. The current thesis highlights the facile
synthesis of highly durable, low-cost and robust electrocatalyst for hydrogen generation
from water. The generation of hydrogen via the electrolysis of water opens up an
attractive route to store energy driven from solar power in a fully renewable fashion. So,
the design of such an efficient catalysts that outperform the activity of established noble
metals and can act as an electrode material for hydrogen evolution reaction (HER),
oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). We wish the
readers find this work interesting and worth exploring towards the material designing in
electrode fabrication for water oxidation processes in order to follow the path of

sustainable energy.
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8.1 Conclusion

The present thesis work consists of design and engineering of electrocatalysts for oxygen
evolution, hydrogen evolution and oxygen reduction reactions aiming to achieve efficient
and better activity of the electrocatalyst, which accelerates the energy generation,
conversion and storage route in a fully renewable fashion.

The first part (chapter 1) of the thesis discusses the current energy demand and
its global dependency. The environmental issues can only be addressed by replacing the
conventional energy sources with some alternative energy sources, which are renewable
as well as sustainable in nature. The production of hydrogen-based energy can be a way
for the attainment of a sustainable energy system. In this context, the hydrogen-based
economy and its different production techniques are discussed. Along with that, the
benefits of electrochemical water splitting (hydrogen on cathode and oxygen on the
anode) for hydrogen production over other production techniques are also highlighted.
For the designing of the electrocatalyst in water splitting phenomena, various evaluation
parameters such as overpotential, stability, Tafel slope and faradaic efficiency have also
been briefly discussed in this chapter. The perks of the electrodeposition process for
catalyst synthesis over the other methods for the synthesis are underlined in this chapter.
An introduction to HER and OER and their mechanism along with reaction pathways are
also covered in this section of the thesis. In order to achieve the energy generation
(hydrogen production) in a renewable fashion, the importance of solar energy and the
integration of solar power with the electrochemical water splitting unit is greatly
emphasized. The introduction of metal-air battery (MAB) is highlighted which requires
an electrocatalyst capable of oxygen reduction reaction (ORR) as well as oxygen
evolution reaction (OER). The rational design and engineering of an electrocatalyst
towards efficient HER, OER and ORR have been highlighted in this section. The rational
importance of transition-metals (TMs) and heteroatom-doped nanocarbon-based
electrocatalyst towards water splitting and ORR in order to supersede the benchmark Pt/C
and RuO, catalyst, is focused in details. Various synthesis methods, instrumentation
techniques for material characterization and electrochemical study performance have
been explained in chapter 2. The physical characterization such as X-ray diffraction
(PXRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM),

field emission scanning electron microscopy (FESEM), etc. for material characterization
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have been done before the electrochemical measurements. The electrochemical
measurement techniques and the basics have been discussed in the following chapter.
Copper foam (Cuf) prepared by electrodeposition technique, is utilized as a
working electrode in most of the work discussed in this thesis. Cuf as a substrate plays a
crucial role in the activity of the catalyst as it provides plentiful active sites because of its
3D porous structure. Also, its dendritic structure is responsible for the superhydrophilic as
well as aerophobic nature of the catalyst. First-row transition metals are earth-abundant
materials and their derivatives such as sulphides, oxides, phosphides, selenides have
emerged as highly efficient electrocatalysts for electrochemical water oxidation.
Electrochemical deposition of single-phase nickel phosphide on galvanostatically
deposited copper foam (Cuf@NisP4) core-shell nanostructure offers the innovation in
structure designing and a new platform for novel electrocatalysts which is explained in
chapter 3. The Cuf@NisP, provided a superior three-dimensional conductive channel for
ion transport during the catalysis process. The catalyst exhibited an excellent
electrocatalytic activity towards hydrogen evolution reaction (HER) in acidic media. The
superhydrophilic and aerophobic property of the porous electrode helps the in-time
leaving of H, gas bubbles from the surface. The catalyst required a very less overpotential
of 90 mV for HER at the current density of 10 mA cm 2 The very small Tafel slope of 49
mV dec” and a very high exchange current density (~0.76 mA cm™) originated from
large electrochemically active surface area and fast mass and electron transfer efficiency
of the Cuf@NisP, catalyst. Theoretical studies were carried out to investigate the
mechanism underlying the HER activity in Cu-supported NisP4 at an atomic scale. DFT
calculations suggest a very high negative Gibbs free energy change (AGg=x) in NisPy4
(0001)/Cu(111) upon hydrogen adsorption, which is actually responsible for excellent
HER activity of the catalyst. Furthermore, it showed remarkable durability of hydrogen
generation under low (10 mA cm?) as well as high current density (160 mA cm2) for
>84 hours with ~96% retention of overpotential in acidic media, establishing a low-cost
and efficient catalyst for sustainable, future energy generation. But in order to utilize the
catalyst in the industrial point of view, the particular catalyst must show the bifunctional
activity towards HER and OER. Cuf@NisP, electrocatalyst was further explored as a
bifunctional material towards its activity in alkaline media in chapter 4. The full-cell
attained a potential of 1.66 V to reach out a current density of 10 mA cm™ The
Cuf@NisP4-based cell showed extraordinary stability in working electrolyte for 150 h at a

current density of 10 mA cm 2 with 96% retention of its initial potential in alkaline
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media. The practice for the splitting of water in the presence of sunlight is highly
recommended and admirable since this integrated system eliminates the use of grid power
(which mostly comes from fossil fuels). The material was found to be super hydrophilic
as well as aerophobic which resulted in stable electrodes for a solar-driven water-
electrolysis system. Transition metal selenides have drawn growing attention in the field
of water electrolysis due to their improved band structure. The electronegativity of
selenium (2.55) is lesser than that of the sulphur (2.58) and oxygen (3.44), which helps to
improve better covalency of the metal-chalcogen bond in selenide than sulphides and
oxides. Higher covalency represents higher bond strength and as a result, metal selenides
exhibit lower band gap and better electrical conductivity. In order to achieve lower full
cell voltage, Cuf has been modified with electrodeposited cobalt selenide
(Cuf@Cu,Se/CoSe,) is highlighted in chapter 5. The electrochemical cell composed of
Cuf@Cu,Se/CoSe; catalyst in a two-electrode system as an anode as well as a cathode
showed high-performance overall water oxidation reaction with a very low applied
potential of only 1.56 V at a current density of 10 mA cm™. The as-prepared electrode
was proven to be superhydrophilic as well as aerophobic in nature. However, further
improvement in the full cell voltage is still required for the practical implementation of
electrocatalyst. The introduction of Ni layer in between Cuf and CoSe (Cuf@Ni-CoSe)
further improved the HER and OER activity along with the improvement in 2-electrode
full cell voltage have been discussed in chapter 6. The catalyst showed a full cell voltage
of 1.52 V to attain a current density of 10 mA cm™. The catalyst active surface area was
calculated to be 1070 cm? which is playing an important in the enhancement of the
catalytic activity. The stability of the catalyst was found to be remarkable and suitable for
the catalyst to be commercialized. Since, the solar power is dependent on climatic
conditions that’s why in order to get the hydrogen fuel in a non-sporadic fashion the
water electrolyzer assembly must be integrated with some battery unit which can be
accomplished using Zn-air battery. For, the realization of Zn-air battery, the design of an
efficient electrocatalyst showing activity towards OER and ORR is essential which is
highlighted in the next chapter.

Chapter 7 focuses on the approach for the search of nanocarbon-based
electrocatalyst for bifunctional activities (ORR and OER) for metal-air batteries. Bi/tri-
functional electrocatalyst have tremendous demand for renewable energy sources in order
to provide the power to water electrolyzer units for the supply of hydrogen fuel in a non-

sporadic fashion and thus avoid the dependency of water splitting on solar power and
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resume the hydrogen fuel generation during night time also. Binary transition metals are
being widely regarded as active sites for bifunctional electrocatalytic reactions, but it is
hard to explain the origin of their efficiency. There is plenty of room for exploration of
the “synergistic effect” of the binary metals reinforcing electrocatalysis. This work is
focused on the systematic navigation of the m-electronic interaction between the eg and aiq
orbitals of square-planar Fe and Co atoms, respectively, in the Fe-Co bimetallic catalyst
(FeCoDACYys). An extended electronic play prevails in the system, where —S-N moiety is
present with both the metals, which trigger the oxygen electrocatalysis reactions at the
cost of a low overpotential. This enhanced catalytic performance of the material is further
exploited for liquid state Zinc-air battery, where it delivered an open circuit potential of
1.26 V and a peak power density of ~125 mW cm™. This versatile system opens up a
new route for the generation of green fuel towards electrochemical hydrogen generation.

Thus, the water electrolyzer unit integrated with solar power and metal air
batteries in order to receive hydrogen fuel in a fully renewable and non-sporadic fashion
can be achieved by their proper assembly. Furthermore, the fuel cell fabrication to get the
electricity using the produced hydrogen and oxygen gases is a sustainable and
environment friendly route to gear up the green and clean energy system.

Table 8.1 Overall summary of the work included in the thesis.

Catalyst developed | Highlights of the experiment Result obtained Room for the
(work-wise) improvement
WORK-1 HER in acidic medium 90 mV overpotential = Lack of bifunctionality
Cuf@NisP, for full water splitting
WORK-2 HER and OER in alkaline 1.66 V full cell Applied potential for full
Cuf@NisP, medium potential water splitting can still be
Hybridization of water Extraordinary improved.
electrolyzer with solar panel stability in basic
medium for 150 h
WORK-3 Phosphide to selenide 1.56 V potential for  Full cell potential can be
Cuf@Cu,Se/CoSe; transition for HER and OER full water splitting improved.
Stability for 9 h Stability is also
compromised.
WORK-4 Cuf@Ni- Introduction of Ni layer to 1.52 V full cell The H, production in a
CoSe, enhance charge transport voltage non-sporadic fashion.
107 h stability Battery development to

generate fuel independent
of climatic conditions

WORK-5 Development of bifunctional AE=0.79 V Fully Renewable non-
FeCoDACYys electrocatalyst (OER and sporadic H2 fuel
ORR) and switch over to generation

metal air battery
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8.2 Future prospective

The main objective of the thesis is to generate fully renewable fuel in a very efficient and

eco-friendly way. The proposed research basically focuses on designing and tailoring of

an electrocatalyst that would generate uninterrupted H, fuel through self-powered water

electrolysis system (using solar cell and a storage unit). There are still huge scope in the

development of mutifunctional electrocatalyst and their electrocatalytic activity. The

following points are a few scope in this directions as summarized below.

Design of an electrocatalyst which imparts a full cell potential (2-electrode
system) of <1.5 V and an excellent catalyst surface stability, which are key factors
for commercial application.

Design of the catalyst showing tri-functional activity towards HER, OER and
ORR.

The assembly of solar powered water electrolyzer and metal-air battery
fabrication using tri-functional electrocatalyst.

Storage of the produced hydrogen and their economy calculations (based on the
photovoltaics power (efficiency, area of installation etc.) and hydrogen produced
(KQg)) as compared to the existing fossil fuel-based economy.

After the production of hydrogen and oxygen using water electrolysis, the device
fabrication of fuel cell technologies using the stored hydrogen and oxygen is
essential in achieving electric current in a renewable way since the fuel cell gives
only water as a by-product upon combustion.

Theoretical calculations of free energy changes to check the origin of the activity

of the catalyst.
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electrocatalysts. The Cuf@Ni P, provides a superior three-dimensional conductive channel for ion transport during
the catalytic process. The catalyst exhibits an excellent electrocatalytic activity towards the hydrogen evolution
reaction (HER) in acidic media. The superhydrophilic and aerophobic properties of the porous electrode help the H,

gas bubbies to quickly leave the surface. Interestingly, it requires a very low overpotential of 90 mV for HERat a

current density of 10 mA cm™“. The very small Tafel slope of 49 mV dec™ and the very high exchange current density
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etical study was performed to investigate the mechanism underlying the

HER activity in Cu-supported Ni P, at an atomic scale. Density functional theory (DFT) calculations suggest a very high

negative Gibbs free energy change (AG,..) in Ni P, (0001)/Cu (111) upon hydrogen adsorption, which is actually

responsible for the excellent HER activity of the catalyst. Furthermore, it shows remarkable durability for hy:

generation under low (10 mA cm™) and high current densities (160 mA cm™) for =84 h with ~96% retention

drogen

of the

overpotential, establishing a low-cost and efficient catalyst for sustainable, future energy generation strategies
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ABSTRACT: Urxsuble cloctrode materiaks for spontanecus fuel
production by eclectrochemical water splitting have received
tremendous amounts of attenon, because the conventional waker
electrolysis sysem is not fully renewable = # needs power fam
nonrenewable sowces The design of a sclf.supportive and
ukradurable clectrocamlyst that is budget-fiendy and obtained
via 2 less time consuming method & therefore exvemely necesary
to split water into hydrogen and arygen. It is therefore important to

the structural information of 3 catalyst in order to have
extnordinarly stable electrodes for a solar driven water-clecrralysis
system. This a fack o chemicd method for the
syrthesis of single- ﬂsae CuEF@NyP, core—shell nancstructures for
overall water in alkaline media. The Cuf@Ni P based cell
shows

nary stability in working electrolyte for 150 b at a current density of 10 mA cm™ with 96% retention of #ts imtad

porntial The Cof@NLP || Cuf@Ni,P, cell hybndized with 2 solar el demonstrates the suitabilty of the concept oward 2 hybnd
energy device and impuldve genaration of H, and O, This veratile system opens up a new route for the generation of green fuel

toward rencewable energy apphications.

B INTRODUCTION

Presendy, the world & facing an energy crigs, as well as globd
wm?mddnzednagedmmmmdfod
forls © Thus ®© awvad seriows issues, a route for the
development of completely selfsustainable green energy
technology & highly desired. An integrated self powered
ultrastable water electolysis sy with 3 able power
harvester system has immense appeal to society to meet the
demand for the production of green fuel‘* Fuel n
from electralysis ofwater (H,O — H; + 120, F, =123 V) =
no doubt renewable in nture, ™ but the electricity required to
sphit water s still cbtained from nonrenewable energy sources.
An akemative way to overcame this problem & to use a self.

hierarchical NiCo,S, nmowire ammays on Ni Ham and a
commercially available GaAs based thin flm solar cell for the
first time, but the cwrrent densty achieved in that case was very
small.™ Another example Hr o <h | fdl water
splittng uang solar energy was represented by Ak Han etal
where they have shown 2 Jamus bke (A,P@N'Fd:ctm&,aﬂd
the catalytic current density of 10 mA/cm® mdnﬂcdxl?
V when powntial was supplied using 2 solar cell'® Ovenall,
water sphiging & a th dy Jly arduo ction and
demands enormoudy efficient and mwelectrodemtmak
that considerably accelerate the shuggish kinetics of the two
half«xnonsmg simukaneoudy at both cathode (HER)
and anode (OER). '”Becuuuulym.bebandm

£,

powered system that harvests ambient energy to
pmﬂh&bmhnteyndddhmd«vdm
There are severd forms of energy avadable in the environment
for producing electricity, ke mechanical, solr, hermal, and
wind vhéndwtmhnwe‘faabng
term noed of clean and able fuel

efficient and influensal source of energy :udnenergyfa the
production of electricity.'” The photovokakc ms when
coupled with electralymers for direct ¢ of solar energy
into hydr fuel & the best chaikce for energy comwersion
systema** > The proposed electroatalyst efficiendy sples
water wiimng the power coming from solir pamel when
illuninated in 2 wvery sable way. Sivanantham et al.
demonstrand 2 full warr-splizing electralyzer wing as canlyst
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ABSTRACT: The advancement in the nonnoble metal-based catalyst
design for water oxidation with admirable perf: e is crucial for a
sustainable and green energy futwre Elkectrochemical growth for the
synthesis of the catalyst has been known to be an appealing method due to
its shorter reaction time, low cost, and renewable nature. In this artide, a
simple electrochemical deposition method for the synthesis of hybrd
nanostructures of earthabundant transition metal seenides (Cu,Se/
CoSe;) on copper foam (Cuf) has been explored the bifunctional
dectrochemical activity of hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) in alkaline medium. The HER exhibited an
overpotential of only 110 mV at a current density of 10 mA an™ and
OER required the potential of only 1.4 V (outperforming noble metal

=o=@—0 @ D O

o,

catalyst RuO,) at 3 current density of 20 mA am ™, The dectrochemical cell composed of Cuf@Cu,Se/CoSe, catalyst in a two-
dectrode system a5 an anode as well as a cathode showed high-pedformance overall water oxidation reaction with a very low applied
potential of only 1.56 V at a current density of 10 mA cm™. The as prepared electrode was proven to be superhydrophilic as well as
aerophobic in nature, which enhances the stability and thus suited the best candidate for industdaliation and practical applications.

KEYWORDS: wate dedrolysis, hydrogen evolution reaction (HER), oxygen evolution reaction (OER), electrochemical deposition,

gran fud goneration, heterostrudure, transition metal selenide

1. INTRODUCTION

Hydrogen energy & so far known to be the best among all the
existing energy resources because of its dean and renewable
nature. The generation of hydrogen via the dectrolysis of water
opens up an attractive route 1o store energy driven from solar
power in a fully renewable fashion."* The quality of H, gas
(absence of other gases) obtained from water dectrolysis & of
high purity.’ Noble metalbased catalysts such a Pt/C and
RuO, are considered to be the most active electrocatalyst bor
the generation of hydrogen and oxygen, respectively, from
water, but their Emited abundance and scary cost prevent them
to be used in practical and gobalscale applications®" Since
dectrochemical water splitting involves multidectron transfer,
it becomes a kinetically shuggish process that requires high
overpotentials to attain the desired current density. Presently,
the avadable commerdal water electralyzers mainly operate at
a cell woltage of 1.8-2.0 V, which is substantially higher than
the thermodynamic potential of water splitting Le, 123 V**
Therefore, it is highly desired to reduce the overall cell voltage
by introduding an efficient bifunctional catalyst, which can acts
as a cathode materdal for hydrogen evolution reaction (HER)
and anode material for axygen evolution reaction (OER).

To date, an appredable efiort has been made to modulate
the chemical and physical properties of the dectrocatalyst such
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as porosity, surface area, binding strength to the substrate, and
dectrical conductivity in order to have fast dectron transfer
kinetics duning water oxdation. Frst row transition metals are
earth abundant matenals and their dervatives such as sulfides,
axddes,”” phosphides,’’”* and selenides™"* have emerged
highly efident decrocatalysts for dectrochemical water
oxdation ™ Although transition metal oxides and sulfides are
earth abundant materials and due to their electronic
configurations, they have been studied more in electrocatalysis.
Howewer, lower dectical conductivity and poor stability in
alkaline medium restrict the use of transition metal axdes and
sulfides in water oxidation. Recently transition metal sdenides
have drawn growing attention in the field of water dectrolysis
due to thekr improved band structure.’™'” The electro-
negativity of sdenium (2.55) is lesser than that of the sulfur
(258) and oxygen (3.44), which helps to improve better
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Towards rational catalyst development, a binary Fe-Co centre has
been coordinated with S and N in a nanocarbon matrix. An electro-
nic drift between Fe-Co and an extended +R effect from the
S dopants towards the metals through the p, orbital of N are
beneficial for oxygen electrocatalysis and a zinc—-air battery.

Transition metals bonded with heteroatoms’ and heteroatom-
doped cartbonaccous matrices are much studied electiocata-
lysts for ORR and OER.*” Among the transition metal cations,
Fe and Co are found to be the most appreciated with respect to
their axygen electrocatalysis performance due to ther fair
conductivity and availability of d-clectrons.* Anionic hetero-
atoms like N, S, B, P and Si embedded in metal doped carbon
sheets not only act as a pillar to stabilize the transition metal
atoms but they modify the dectronic structure of the metal
atoms by altering the Fermi energy levels and fine-tune the
local electronegativity.”® These factors directly improve the
adsorption of reactant molecules, the binding energy of oxygen
in the intermediate compounds and finally the desorption of
the end products. Thus, it is clear that the coordination of the
active sites has many roles to play in boosting the electrocata-

Electronic interplay: synergism of binary transition
metals and role of M—N-S site towards oxygen
electrocatalysis¥

Manisha Das,$ Ashmita Biswas D ¢ and Ramendra Sundar Dey(®*

the potential for Fe-0-0-Co bond (Fig. 1b) formation, one of
the key intermediates for OER." For bifunctional oxygen elec-
trocatalysis, the participation of Fe and Co has been reported by
Chen et al. in quite detail, wherein although Fe is responsible
for remarkable ORR activity, the durability of the process is
dictated by Co, and a synergistic effect between the two metals
has an impact on the improved OER performance of the NCAG/
Fe-Co catalyst (Fig. 1¢).* Another perspective from Huang et al.
discussed the mle of dual doping of metals as well as electro-
negative dopants like N and Sin the carbon matrix (Fig. 1d) for
the attainment of desirable ORR with minimum (~05%)
perturbation from side product formation of H,0.." Contrary
to this, Zhang et al. showed that the electronegative dopants
(nitrogen and sulphur), bonded together with the metal centre
(Fig. 1e), rinforced the ORR activity by suitably altering the
electronic states of the assodiated atoms.’® They further intro-
duced the importance of N acting as a bridging atom between
Fe and S towards the electronic movement and enhancement of

' =,
lytic performance of the electrocatalysts and should be ascer-  #Q zﬁ'.".'.;:: boo1¢ O e ari
tained with cutting edge characterization techniques. - G Oy OFR =Ry

Todate, the suppositions regarding the active centre respon- m
sible for OER and ORR are a much-debated topic. Wang et al. ]
presented a size-activity relationship of a FeCo alloy embedded Svaergisti
in a Ndoped carbon matrix, where they opined that the Fe-Co
dual metal centre provided an active site for oxygen binding s n fol e Mo
and its subsequent reduction at a low cleavage energy barrier
(Fig. 1a) A similar synergistic concept was validated between
Fe and Co in enhancing the OER reaction kinetics by lowering
Iyt of Nano Sciemce and Techmology, Sector &1, Moha B 140306, Pugch, hdia.
Emad: rdeyiprutocin
+ £ upph y inb (EST) awvailable: Pxperimenmal detals, .-‘m-“::?:
SEM, EDS mapping, XPS d2a, addisonal eleczoch | da regarding ORR o0 1O gvdped dsbea mustt
and OER, mble enlissng comp of el lytic properties of difh

canlyze See DOL: 10,1039 16006050
2 These suthars conTribued equally.

1934 | Chem Commun, 2022, 58, 1934-1937

Fig.1 {s-) Different mechanisSic approaches proposed o far for ORR
ard OFR on Fe and Co-based binary and dusl active stes
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