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Preface

Energy, the most fundamental fragment of the nature, is essential not only for the
fulfilment of individual and community need, it is equally important for the
nation’s economic growth. However, the individual lifestyle is becoming luxuries
with rapidly growing technological advancement, the current energy extraction
pattern and future energy demand is pointing a dark image of the earth. Although,
the planetary energy reserve contains high enough renewable energy sources than
the finite source of energy but most of the current global energy extraction is
dependent on fossil fuel only. The consumption of fossil fuel not only depletes its
finite reserves but also creates serious environmental as well as health issues.
Therefore, the production of green energy from clean and renewable sources is very
urgent. Alternatively, energy extraction from the various renewable energy
resources, has been explored but all these systems rely on continuous electricity
generation that cannot be stored in current form for later use. But it can either be
converted to value-added product or stored in an energy storage device. For this,
hydrogen (H.) production from water electrolysis can be a good option as H itself
is zero-emission energy as well as prime feeding gas for many industrial
applications. Moreover, about 1% of current global energy consumption is
involving in Hz production only. Similarly, the zinc-air battery can be an attractive
choice for the energy storage device owing to its high energy density, involvement
of air as a feedstock and more importantly it works with aqueous electrolytes with
very low hazardous risk. But, the overall performance of these devices highly

depends on electrode materials.

Besides the activity of the electrocatalyst, the electrode architecture is equally
important for electrochemical performance. In general, the existing commercial
electrolyser assembly contains a rigid electrode coated with electrocatalyst ink

where the use of insulating binder during the catalyst ink preparation may provide



physical adhesion but it may limit the ion transport and hinder the release of
bubbles resulting in catalyst pealing from the electrode surface and ultimately
leading to a compromised electrochemical performance. Secondly, in the
metal/carbon or any other conductive substrate based current collector, large mass
densities of electrochemically inactive materials is not only issue for atom economy
but also a challenge for the development of light weight devices. Additionally, the
single side catalyst loaded electrode limits its actual output as well. Similarly, the
waste management of the obsolete end-of-life product is also of environmental
concern. Moreover, the emerging next-generation portable and wearable
electronics is demanding customizable electrochemical energy storage device.
Therefore, our research focused on the development of binder-free three-
dimensional light-weight electrode decorated with highly active catalyst by a cost
effective and straight forward approach which can demonstrate comparable activity

with state of art materials.

impacts along with

Electroless deposited probable alternatives

Carbon cloth 42

Chapter 1 of this thesis briefly describes the energy extraction pattern and its
followed by the importance

, e
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chapter we have describeed the details of the electrode preparation, characterization

techniques, and basic terminology used in energy storage and biosensing

applications.

In Chapter 3, we explored a novel strategy for the development of binder-free three-
dimensional flexible electrode where Ni and Fe sulphide and phosphides decorated
carbon cloth electrodes (NiFeS@OCC and NiFeP@OCC) were developed as

promising bifunctional electrocatalysts towards overall water splitting. Herein,
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activation free electroless deposition approach was explored for growing NiFeS
and NiFeP over the highly flexible carbon cloth substrate. Conventionally,
electroless deposition involves surface activation and sensitization using SnCl2 and
PdClI> followed by direct chemical reduction of the metal ion on the substrate. The
present study eliminated the use of expensive PdCl, and SnCl; based
activators/sensitizers to reduce the overall manufacturing cost by the introduction
of functional groups on the carbon cloth which provides strong adsorption of metal

ions and simultaneously

enhance the conductivity
along with mass transport l / i N — _ \
i V) QD
kinetics. Thus developed - - 7
NiFeS@OCC and N-2*+Fe“ NaBH, 2
NiFeP@OCC electrodes &

Electroless
- NiFeB@0OCC
exhibited excellent OER deposition iFeB@

activity and stability as they required only 220 mV and 270 mV of overpotential
respectively to achieve 10 mA cm?. These electrodes promise to be good
bifunctional catalyst due to their ability to catalyse cathodic HER as well at 223
and 300 mV of overpotential for NiFeS@OCC and NiFeP@OCC respectively. An
alkaline water electrolyser set up with these electrodes demonstrated good activity
and stability for both catalysts and also showed good flexibility and

electrochemical performance under various mechanical deformations.

Despite being a clean and eco-friendly technology, the current commercial
technologies for water electrolysis urge high-purity water which in turn hinders the
broader implementation of the water electrolyzer. In this context, this thesis
attempted to address the problem associated with shortage of freshwater for wide
exploration of water electrolyzer by developing electrode material with good
activity and high resistivity towards chloride ion corrosion for sustainable seawater
splitting which is described in Chapter 4. In the first part of this chapter, a binder-

free three-dimensional carbon cloth flexible electrode incorporated with active
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electrocatalyst NiFeB over oxygen functionalized carbon cloth (NiFeB@OCC),
was explored for sustainable seawater splitting which demonstrated a remarkable
performance towards OER, HER and overall water splitting in 1 M KOH as well
asin 1 M KOH + 0.5 M NaCl electrolyte system with excellent stability. The as
fabricated NiFeEB@OCC demonstrated the admirable OER performance with
excellent durability even in corrosive environment in which it requires only 255
mV overpotential to achieve 20 mA cm™ current density whereas it exhibits
moderate HER activity demanding 241 mV overpotential. The two-electrode based
alkaline water electrolyser further demonstrated good activity with excellent
durability towards overall water splitting which even achieves comparable activity
under harsh conditions also. In this way, this study can deliver a new insight to
develop a cost-effective corrosion resistive flexible electrode for water splitting.

After exploring carbon cloth based flexible electrodes, our research was focused
towards the search for biodegradable substrate-based three-dimensional electrodes.
For this, cellulose paper (CP) has been chosen as a substrate. But the biggest hurdle
for its exploration as an electrode material is the absence of a conductive pathway
for the electric circuit which was overcome by modifying the surface of cellulose
paper with conductive metal composites. Herein, a novel, cost-effective and
straightforward electroless deposition approach has been explored to convert an
insulating cellulose paper into a conductive substrate (designated as NiB-CP) over
which active electrocatalyst was incorporated via electrodeposition method. In the
second part of Chapter 4, NiP/NiB-CP electrode was developed via two-step
electroless deposition followed by an electrodeposition approach. This NiP/NiB-
CP electrode possesses excellent bifunctional activity and long-term durability in
both alkaline pure water and seawater electrolytes which required 379 & 391 mV
overpotential during OER and 178 & 196 mV during HER to drive 100 mA cm™
in1 M KOH and 1 M KOH+ 0.5M NaCl electrolyte whereas it demands 1.65 &
1.69 V potential to achieve 20 mA cm current density during overall water and

saline water splitting respectively. This work opened an area for the development
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of cellulose paper based self-standing three-dimensional flexible electrodes for

overall water/seawater splitting.

In addition to augmented energy demand, the incessantly increasing world’s
population also stresses high fertilizer production to provide the basis of nutrition.
Therefore, the synthesis of NHs is of huge significance, since it is a prime
constituent of fertilizers. But the commercial production of ammonia highly relies
on the Haber-Bosch process which involvs harsh operating conditions, high energy
consumption high CO. emissions. Alternatively, electrochemical nitrogen
reduction can be a good opttion for ammonia production with minimum energy
consumption and reduced carbon footprint, by using water as the hydrogen source
under ambient conditions but requires a power source. On the other hand,
rechargeable metal-air batteries are emerging as a potential candidate for energy
storage systems owing to their high energy density and straightforward fabrication
procedure. In order to address these issues an eco-friendly cellulose paper based
three-dimensional flexible electrode (FesO4/NiB-CP) was developed via two step
electroless deposition followed by electrodeposition approach and explored as an
effective trifunctional (NRR/ORR/OER) electrode for the integrated Zn-O; battery
powered dinitrogen reduction in the first part of Chapter 5. This electrode was able

to demonstrate electrocatalytic dinitrogen reduction with good yield rate (245 g
h™t mgear?), promising Faradaic efficiency (4.32%) and a high TOF (0.83 hl) at a

lower applied potential
g ‘ of 01 V vs. RHE.
Electroless deposition E[ectro deposmon

i Fe Additionally, the

Cellulose paper NiB deposuted paper Fe,0, /NiB paper

designed electrode was
also employed as an air-
cathode for an aqueous
Zn-O, battery which

exhibited remarkable

power density and fair

XIX



cyclic stability. Additionally, this Zn-O- battery was able to power an electrolyser
to perform electrocatalytic dinitrogen reduction and achieved good NHs yield of
194.25 pg h* mgear.

Thereafter, the same strategy was applied in the second part of this chapter to
develop eco-friendly cellulose paper based self-standing three-dimensional flexible
electrodes (NiFeP/NiB-CP) exhibiting trifunctional activity towards ORR, OER
and HER for self-powered water splitting. The fabricated NiFeP/NiB-CP electrode
demonstrated excellent electrocatalytic activity towards OER (ni00 =310 mV),
ORR (onset pot. = 0.85 V vs. RHE), and HER (n100 =182 mV) with excellent
durability. Further, the water electrolyser consisting of the designed electrode both
as cathode and anode showed a good overall water splitting with a cell voltage of
1.62 V at 20 mA cm. Additionally, a rechargeable zinc—air battery was assembled
by employing the NiFeP/NiB-CP air cathode which exhibited a power density of
145 mW cm at 1.95 V. Finally, a paper electrode-based Zn-O- battery powered
water electrolyser was exhibited for overall water splitting. Therefore, this work
can encourage researchers for

the development of eco-friendly (0n é

paper electrodes towards energy \ ?

storage/conversion applications. e

Paper electrode

Besides these, the consumption Ve Gvoncosting T g bt :
of fossil fuels also caused

environmental pollution which

may result in serious health

issues. Polluted air may affect different body systems which can result in various
hormonal imbalances, for instance, dopamine which is a major neurotransmitter
has been reported to fluctuate with exposure to non-healthy living conditions.
Therefore, identification of dopamine levels is important for clinical diagnosis and
treatment purposes. In order to address this problem, in Chapter 6, cellulose paper
based three-dimensional flexible electrodes (NiFeB/VC-CP and CuSnB/VC-CP)

XX



were explored and directly employed as a three-dimensional flexible electrode
towards electrochemical dopamine sensing. These NiFeB/VC-CP and CuSnB/VC-
CP sensors established a good sensitivity of 35.35 pA pM ™t cm 2 and 3.92 A uM-
! cm2 with improved LOD of 2.1 nM and 0.5 nM respectively along with a wide
detection range even in the presence of a high concentration of ascorbic acid,
glucose and uric acid interferents. In this way, these works can be inspiring to the
researchers for the development of wearable, foldable sensors for point of care

sensing devices.

The overall thesis work was summerized in Chapter 7 and some probable future
directions for the betterment in the related area has been proposed.
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Chapter 1

Introduction

1-1 Global energy resources

Energy is important for socio-economic growth as well as improved lifestyle.! It
can be found in various forms viz. mechanical, chemical, electrical, thermal,
gravitational, radiant, nuclear, sound etc. The available energy resources on the
earth comprise of fossil fuel (coal, natural gas, petroleum etc.) and nuclear energy
source (uranium, thorium, etc.) which are considered finite sources whereas
alternative energies such as hydropower, solar, wind, geothermal, biomass etc. are
renewable sources of energy. The availability of renewable energy around the
globe per year is found to be in high excess in comparison to the total reserve of
finite energy (Figure 1-1).2 All these types of energy can be converted, amplified
and stored according to the need of particular applications.®

renewable
N
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Figure 1-1. Comparison of finite and renewable planetary energy reserves measured in
TWl/year.?
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Figure 1-2. (a) Energy extraction pattern from different sources,* (b) energy consumption trend
from 2015 to 2020° and (c) projection of energy consumption upto 2040.3

1-2 Energy extraction practices and their impacts

Although the planetary energy reserve contains more than ten times renewable
energy than the finite source of energy but around 85% of current global energy
production relies on finite sources of energy where the contribution of fossil fuel
alone is around 80% [Figure 1-2(a-b)].** Furthermore, the global energy demand
and resource consumption rate is projected to increase continuously over the
coming several decades (Figure 1-2c).® This continuously increasing energy
consumption trend with extreme dependency on fossil fuel is not only depleting
their reserves but also resulting in air pollution which ultimately leads to severe
environmental issues such as global warming, climate change, deforestation, water
pollution etc. [Figure 1-3(a-c)]. According to recent reports, it has been projected

that the global energy demand will increase by 30% and the CO> emission rate will



Introduction

be 35.7 Gt year? in 2040.° In this scenario, India is the third largest CO emitter
after China and the USA which produced 2.88 Gt of CO; in 2021.” Besides
environmental impacts, the polluted air may also affect the functioning of vital
human organs such lungs, heart, brain, liver, stomach etc. leading to various fatal
disorders and diseases (Figure 1-3d). Despite this, the increasing energy
consumption rate is directly related to global economic growth and is a prime
challenge to sustainability as well as a clean environment. Therefore, it is necessary
to promote green energy production from clean and renewable sources to maintain

the planet healthy and fit for living beings.

Trachea

Heart
Liver
Stomach

Small intestine ) .
Large intestine

Figure 1-3. (a) Air pollution caused by fossil fuel® and their effect on (b) global warming,® (c)
climate change!® and (d) human health.!

1-3 Renewable sources of energy and their limitations
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In order to mitigate environmental impacts caused by current energy extraction
practices, energy experts are extensively working on the challenges and
opportunities for carbon emission-free energy systems to provide insight towards
possible transformations of the energy-economy-land system.'? For this, a net zero
emission energy mission has been proposed (Figure 1-4a) but the consumption of
finite energy resources in many processes may be an issue towards sustainability.
Therefore, it is essential to harvest energy from renewable sources. Among the
various renewable energy resources, solar power, hydropower, wind power and
geothermal power are common [Figures 1-4(b-d)] but these renewables also have

some major challenges. Firstly, there are location-constraints which need an
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additional grid to supply the extracted energy.®* Secondly, most of these are
dependent on meteorological conditions due to which their output are intermittent
in nature.** 1> Moreover, all these systems rely on continuous electricity generation
which cannot be stored in current form for later use. either conversion of this
electricity into some other value-added product or storing in some energy storage
devices can be good options for maximum utilization of produced energy. Amongst
various conversion options, hydrogen (Hz) production through water electrolysis
can be an attractive choice as H> is a carbon-free energy carrier. Similarly, the Zn-
O battery can be a potential energy storage device as it can be run with air
feedstock.

1-4 Hydrogen as a value-added product

The development of the global economy has been largely dependent on carbon-rich
fossil fuels. These fossil fuels are obtained from the conversion and storing of solar
energy into chemical energy by living organisms over millions of years which is
liberated back to energy during oxidation leaving CO> as the by-product.? 22 In
this context, the earth does not have such hydrogen reserves but the available
renewable energy resources such as solar, wind, hydropower, and geothermal can
be utilized to generate H or hydrogen-rich materials from which energy can be
extracted by oxidation.?> 2 Besides being a carbon-free energy carrier, it also has
unique features such as (i) the most abundant element in the universe, (ii) the
lightest element (molecular weight = 2.016) with highest known energy content
(gravimetric energy density =142 MJ Kg™), (iii) non-toxic nature, (iv) environment
friendly (water as oxidation product during energy conversion reactions) and (v)
easy e recyclability .3 262° Additionally, H is a prime feeding gas for various
important products like ammonia, urea, methanol etc. (Figure 1-5a). But around
96% of global hydrogen has been extracted from fossil fuels mainly from
hydrocarbon reforming and pyrolysis.*® These hydrogens are classified into black,
grey, blue and green hydrogen according to their contribution to carbon emission

in the atmosphere (Figure 1-5b).2° The black hydrogen is produced by direct coal
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Figure 1-5. (a) Global hydrogen consumption and production pattern?* and (b) schematic

representation of the hydrogen economy.?

gasification whereas grey and blue hydrogen are obtained from natural gas steam
methane reforming process without and with CO capture respectively.! Similarly,



Introduction

green hydrogen is produced via electrolysis by using renewable energy sources.®
Moreover, about 1% of global energy consumption is involved in H> production
alone. Therefore, green hydrogen production through water electrolysis can be a

good option for energy conversion to achieve value-added products.
1-5 Water electrolysis

In order to produce green hydrogen, the use of alternative approaches such as
thermocatalytic, photocatalytic and electrocatalytic processes are appealing.®
Among these, water electrolysis by using renewable energy sources is one of the
promising approaches for the production of environment-friendly pure hydrogen at
ambient conditions of temperature and pressure, uplifting the efficiency of the
sustainable energy system.3! Water electrolysis is the process of generation of H
and O gas with the aid of electricity. When an electric current is passed through

j (MA cm?)
j (mA cm?)

E (V vs. RHE) E (V vs. RHE)

Figure 1-6. Representation of hydrogen evolution reaction and oxygen evolution reaction

during electrocatalytic water splitting.

the electrodes into the water containing a suitable electrolyte, the water molecules
get split into hydrogen and oxygen gases (Figure 1-6).3% 3 The core of this
technology involves two half-cell reactions shown in equations 1.1-1.4. At the
cathode, the hydrogen evolution reaction (HER) takes place with an equilibrium
potential of 0 V vs. RHE and at anode the oxygen evolution reaction (OER) occurs
with an equilibrium potential of 1.23 V accompanied by a free energy change (AG)
of 237.2 k] mol 2,353
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Acidic media
Cathode: 4H* + 4e~ - 2H, (1.1)
Anode: 2H,0 — 4H* + 4e~ + 0, (1.2)

Alkaline media

Cathode: 4H,0 + 4e~ — 40H™ + 2H, (1.3)
Anode:40H~ — 2H,0 4+ 0, + 4e” (1.4)
Overall reaction

2H,0 — 2H, + 0, (1.5)

Principally, HER involves two-electron transfer per mole of H, formation whereas
OER involves four-electron transfer for 1 mole of O2 formation which is
responsible for its sluggish kinetics inducing large energy barriers and therefore,
generally a large voltage (~1.8-2.0 V) is required for the operation of a water
electrolyser. At present, commercial/industrial water electrolysers employ Pt-based
nanomaterials as state-of-art electrocatalysts for HER and Ru/lr-based
electrocatalysts as the benchmark for OER due to their high intrinsic activity and
durability. But their scarcity and high cost hamper the large-scale development of
these electrocatalysts. Therefore, there is a desperate need to look for alternate
electrocatalysts whose production/fabrication statisfies the conditions such as cost-
effectiveness, easyscalablibility along with outstanding electrochemical activity
towards HER and OER. Having said that, the current study is based on the
designing of cost-effective non-noble metal-based electrocatalysts for this

application.
1-6 Ammonia as a value-added product

Nitrogen is considered to be an essential primary plant nutrient whose

unavailability or deficiency causes either the death of the plant or poor growth.
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Figure 1-7. (a) Global ammonia production trend®” and (b) comparison of human population
and nitrogen utilization throughout the 20™ century [second y-axis represents % world
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39,40 Therefore, nitrogen-rich soil is mandatory for high agricultural productivity.
The natural nitrogen fixation process makes soil nitrogen rich but it depletes very
quickly with each harvest resulting in low crop yield so replenishment of nitrogen
into the soil is necessary for high crop yield. Although a large amount of nitrogen
exists in its gaseous form (N2) in the atmosphere (approximately 78% by volume)
nevertheless its chemically inert nature made it inappropriate for consumption by
most of the flora.** Ammonia has been widely used for fertilizer production and
ammonia production is mostly dependent on the Haber-Bosch process. The global
ammonia production rate is increasing annually and it has been found that 58
million metric tons more ammonia were produced globally in 2016 in comparison
to that in 1996 (Figure 1-7a).%” Also, the increasing food demand due to the rapidly
increasing population has been fulfilled by industrial ammonia synthesis (Figure 1-
7b).% Besides fertilizer production ammonia has been also widely explored as fuel,
antimicrobial agent, refrigerant, chemical precursor, cleansing agent and
fermentation agent as well (Figure 1-8).4> *3 However, this Haber-Bosch process
requires harsh conditions i.e., high temperature (400-500°C) and pressure (10-30

MPa) for the ammonia production. Furthermore, this process results in the
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| (b)
I Nitric acid

5%

Figure 1-8. (a) Uses of ammonia for various practical applications42 and (b) application of

ammonia as a chemical precursor for different chemical productions.*®

consumption of 1-2% of global energy consumption including half of the global
hydrogen production. Additionally, this process alone is responsible for 1% of
global energy-related CO, emissions.**6 Therefore, the development of high-
performance, cost-effective and eco-friendly ammonia synthesis technology is very
urgent not only for fertilizer production but also for advanced energy systems.
Although, the replacement of a traditional steam reforming unit with
electrochemical water splitting unit in the modern Haber-Bosch technology has
been explored for green ammonia production, the direct ammonia synthesis via
direct electrocatalytic dinitrogen reduction under ambient conditions with the use
of water as a hydrogen source and renewable energy as a power source can be an
optimal strategy (Figure 1-9).¢ 4" The electrochemical dinitrogen reduction to
ammonia involves the transfer of six electrons and six protons. The half-cell
reactions during nitrogen reduction occurs in acidic and alkaline media according

to the equations 1.6 and 1.7 respectively:
N2 (g) + 6H" (aq) + 6 “— 2NHs (aq) 0.092 V vs RHE (1.6)
N2 (g) + 6H2 O(l) + 6’ > 2NHz + 60H (ag)  0.092 V vs RHE (1.7)

A detailed discussion on ammonia synthesis via electrocatalytic dinitrogen

reduction is given in Chapter 5.
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Figure 1-9. Comparison of energy efficiency for various ammonia synthesis strategies. (a)

Conventional Haber—Bosch strategy and (b) electrocatalytic strategy.«

1-7 Zn-O2 battery as an energy storage device

After the industrial revolution, energy consumption has increased tremendously.
According to recent reports, energy demand is estimated to increase by 30 % at the
end of the year 2040.5 However, this demand doesn’t remain constant throughout
the day, therefore when the excess electrical energy over the demands is produced,
it must be stored efficiently in energy storage devices. Energy storage devices can
aid in managing issues brought on by intermittent renewable energy sources like
wind and solar energy, reducing power supply imbalances, encouraging dispersed
generation, and reducing grid congestion.*® This energy can be stored in various
modes and forms including mechanical, thermal, chemical, thermochemical,

11
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Figure 1-10. Classification of major energy storage systems.*°

electrical and electrochemical (Figure 1-10). Among them, electrochemical energy
storage devices show great potential in form of batteries, capacitors and
supercapacitors. In this aspect, Li-ion batteries became the first rechargeable
electrochemical devices to be commercialised and dominate the battery market.
Recently, the development of electric vehicles has set the beginning of a new era.
Although they show high energy densities, but limited Li resources, their cost and
safety risks due to the use of flammable organic electrolytes cause them to be
thermally less stable.>® Moreover, the mining and extraction of transition metals
used as electrode materials is a challenge. This has encouraged researchers to move
towards the development of other battery systems which can deliver more specific

capacity and energy density along with their cost-effective fabrication.

12
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Figure 1-11. Schematic representation of a Zn-air battery displaying its components.

Alternatively, aqueous Zn-air batteries have shown potential due to their

largetheoretical energy density (1218 Wh kg™), low cost and safety features.>! %2

A Zn-air battery consists of a Zn-metal anode separated with a membrane separator
from a porous cathode and immersed in a concentrated alkaline electrolyte
(generally, 6 M KOH + 0.2 M Zn(Ac)2) (Figure 1-11). The Zn-metal anode can be
in the form of fibres, nanoparticles, metal foams or plates and must show
characteristics viz. low equivalent weight, high abundance, low cost and stability
in aqueous alkaline media. The membrane separator must be chosen such that it
shows low ionic resistance and high adsorption capacity for the electrolyte.
Therefore, Celgard 5550 separators are generally used for this purpose. Further, the
porous cathode contains a gas diffusion layer (GDL) for the oxygen to diffuse to
the catalyst layer from the environment, the current collector (Ni foam/Cu foam/
carbon paper) and the catalyst layer. The GDL consist of a carbon material (Mulcan
carbon XC-72, Ketjen black etc.) and a non-conducting binder (PVDF, PTFE etc.)
coated onto the current collector.. The mechanism of Zn-air battery during
discharge involves oxidation of Zn metal to zincate ions (Zn(OH)+%) at the anode

while oxygen reduction reaction (ORR) takes place at the cathode. The respective

13
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electrode reactions get reversed during the charging of the battery. The individual
reaction steps are believed to proceed as:**

Anodic reactions:

Zn** + OH™ - Zn(OH)%™ (1.8)
Zn(0OH)3~ - Zn0 + H,0 + 20H~ (1.9)
Cathodic reactions:

0, + 2H,0 + 4e™ < 40H" (1.10)
Overall reaction:

2Zn+ 0, = 2Zn0 (1.11)

A detailed discussion on the mechanism of Zn-air batteries, their fabrication and

applications in electrocatalytic activities is given in Chapter 2.
1-8 Electrode architecture for energy conversion and storage device

As it is well known that the electrode is an integral part electrochemical devices,
the electrode morphology and its architecture play a crucial role in catalytic activity
and overall device performance. The basic components of the electrode include an
electrocatalyst and a current collector. In general, the existing commercial
electrolyser assembly contains a rigid electrode coated with electrocatalyst ink
(Figure 1-12) which is suffers from several problems. Firstly, the conventional
electrode fabrication practice involves the use of an insulating binder during the
catalyst ink preparation. Although the binder provides physical adhesion, it may
limit the ion transport and hinder the release of bubbles resulting in catalyst pealing
from the electrode surface and ultimately leading to compromised electrochemical
performance.>*°® Secondly, in the metal/carbon or any other conductive substrate-
based current collector, large mass densities of electrochemically inactive materials
is not only an issue for the atom economy but also a challenge for the development

of lightweight devices.>” %8 Similarly, surface passivation of the current collector

14
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Figure 1-12. (a) Electrolyser plant and (b) electrode assembly of the water electrolyser for

commercial production of hydrogen.5?

due to oxidation of metallic substrate limits the activity and the single side catalyst
loaded electrode limits its actual output as well.>® Furthermore, the waste
management of obsolete end-of-life product is also of environmental concern.
Additionally, customizable electrochemical energy storage device is a need of the
hour for the development of next-generation portable, foldable, wearable and bio-

integrated electronics (Figure1-13).%° Therefore, a three-dimensional lightweight
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Figure 1-13. Progression of the customizable electronics with customizable electrochemical

energy storage devices.®°

electrode coated with binder-free active catalyst material can be a good strategy for
the development of a highly efficient lightweight eco-friendly electrode. Regarding

15
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this, electrode materials having extensive availability, lightweight, low cost, eco-
friendly nature and mechanical flexibility can be beneficial to overcome the
mentioned problems.5! Interestingly, the three-dimensional flexible electrodes
having good mechanical flexibility and electrocatalytic activity under various
deformation conditions have fascinating applications as they can be applied as
bendable and foldable electrodes as well as adjustable to various reactors without
loss of active materials.®? In this context, carbon cloth and cellulose paper can be
better options for flexible energy storage and conversion applications, because of
their improved mechanical strength, low cost and favourable fabrication procedure
etc.%® over the other conventional existing substrates (e.g., metal foil/foam/wire,
carbon paper etc. ®37°) which involve high fabrication cost, structural fragility and
loss of active catalyst during deformation. "® 7" And so, we have fabricated and
explored the flexible, binder free, self standing three dimensional electrodes based

on carbon cloth and cellulose paper in the thesis.
1-9 Health impacts

Air pollution causes major health impacts by affecting our respiratory,
cardiovascularand reproductive systems and is now also being considered as a risk
factor for neurological diseases.”® Among these, Parkinson’s disease is the second-
most prevailing neurodegenerative disease worldwide which is caused by the loss
of nerve cells responsible for the production of dopamine.” Epidemiological
studies have been reported considering the effect of long-term exposure to air
pollution on neurological damage and resulting changes in dopamine levels (Figure
1-14). Dopamine is an important neurotransmitter which is responsible for the
working of the cardiovascular, neurological and hormonal systems. Therefore,
there is a need to develop biosensors which can detect dopamine for their rapid,

efficient and accurate detection in the human body.2% 8!

A biosensor is typically consisting of a bio-element, transducer, amplifier,
processor, and computer software to demonstrate the results (Figure 1-15).82 A bio-
element or bio-molecule has the affinity to bind to the analyte (a molecule which
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Figure 1-15. Schematic representation of components of a biosensor.

needs to be sensed). A signal is produced from the specific bonding/conversion of
a substrate to a product and this signal is determined by the transducer. It is then
amplified by a detector and then processed by software to display the output signal
on the screen. For biosensing applications, the catalyst must be designed to be
specific, sensitive and stable under biological conditions. The fabricated biosensor
must be compact, portable, flexible and cost-effective.®* Moreover, it must be free
from transducer-induced noise and the analysis must be free of enzymes to reduce
the pre-treatment time and cost. At present, various analytical techniques such as
colorimetry, fluorimetry, high-performance liquid chromatography, and
chemiluminescence are being used for sensing biomolecules. Nevertheless, their
limited selectivity, sophisticated instruments and requirement of skilled operators
are major drawbacks making it difficult to miniaturize the biosensors for portable

applications. Alternatively, because of the electroactive nature of dopamine, its
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electrooxidation is more viable (equation 1.10) consequently, the electrochemical
technique for dopamine detection has gained tremendous attention.3* In this aspect,
electrochemical biosensors provide a better approach with rapid (faster response

time) analysis, low detection limits (LOD), specificity, selectivity and wider

HO NH, o NH,
D/V = jj/\i 2H (1.12)
HO o

detection ranges. Therefore, for practical applications, electrochemical biosensors
based on flexible, small size and highly active electrocatalysts are need of hour.%
8 Chapter 6 describes the mechanism involved in the biosensing of an important
biological molecule, dopamine, the fabrication of electrodes and their activity for
this application.

1-10 Goals

By considering the aforementioned importance, this thesis has focused to develop
some eco-friendly three-dimensional flexible electrodes to address the demand of
highly efficient reactor-friendly electrodes as well as customizable electronics with
customizable energy storage devices. The highlights of this thesis include the
designing of three-dimensional flexible bi- or tri-functional electrodes towards HER,
ORR, OER and NRR as well as biosensing applications. In comparison to commercial
state of art electrocatalysts (i.e., RuO2 and IrO2 for OER and 20% Pt/C for HER and
ORR, the explored electrodes incorporating highly abundant transition metal-based
(Ni, Fe) materials are found to be eco-friendly and cost-effective. The main target was
to exploit a cost-effective approach for the development of the eco-friendly three-
dimensional flexible electrode to achieve the desired activity.

Initially, Ni and Fe sulphide and phosphides coated carbon cloth electrodes were
explored as promising bifunctional electrocatalysts towards overall water splitting.
Because of their high flexibility, low cost, corrosion resistance properties and good
biocompatibility as compared to metal foams or foils carbon fiber-based substrates

are of great research interest for various applications. Herein, the electroless
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deposition approach was explored for growing NiFeS and NiFeP over the highly
flexible carbon cloth substrate. Therefore, the development of carbon cloth (CC)
based flexible electrodes with the decoration of non-noble metal based
electrocatalyst by just a simple activation-free electroless deposition method
(eliminated the use of expensive PdCl, and SnCl. based activators/sensitizers)
added up an initiation to develop a straightforward method towards flexible
electrode fabrication. The fabricated electrode was used directly as a flexible
electrode which demonstrated good bifunctional activity towards electrochemical
water splitting in alkaline media and also showed good flexibility and
electrochemical performance under various mechanical deformations (bending,
twisting, folding etc.). Furthermore, this thesis attempted to address the problem
associated with the shortage of freshwater for wide exploration of water
electrolysers by developing electrode material with good activity and high
resistivity towards chloride ion corrosion for sustainable seawater splitting. Herein,
a binder-free three-dimensional carbon cloth flexible electrode incorporated with
active electrocatalyst NiFeB over oxygen-functionalized carbon cloth was explored
for sustainable seawater splitting which demonstrated a remarkable performance
towards OER, HER and overall water splitting in 1 M KOH as well asin 1 M KOH
+ 0.5 M NaCl electrolyte system with excellent stability.

Besides the carbon cloth-based flexible electrodes, our research was focused
towards the development of biodegradable substrate-based (cellulose paper-based)
three-dimensional electrodes. The biggest hurdle of the absence of a conductive
pathway for the electric circuit in the insulating cellulose paper was addressed by
the surface modification of cellulose paper with conductive metal composites via a
cost-effective and straightforward electroless deposition approach and was
employed as an eco-friendly substrate for flexible electrode development. Firstly,
NiP/NiB-CP electrode was developed via two-step electroless deposition followed
by an electrodeposition approach. This NiP/NiB-CP electrode possesses excellent
bifunctional activity and long-term durability towards overall water splitting in

both alkaline pure water and seawater electrolytes.
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In addition to energy demand, this thesis also attempted to address the problem
associated with the green synthesis of important chemicals of high demand such as
NHs via the electrochemical route by the development of trifunctional
(NRR/ORR/OER) electrode Fe3O4/NiB-CP for the integrated Zn-O; battery
powered ammonia synthesis. The fabricated electrode demonstrated promising
NRR as well as oxygen bifunctional activities along with long-term stability.
Moreover, the integrated Zn-O battery-powered electrochemical nitrogen
reduction resulted in promising activity for ammonia synthesis. This approach may
act as a milestone in the development of cost-effective and eco-friendly flexible
electrodes towards electrochemical energy conversion and storage applications.

Thereafter, the same strategy was employed to develop eco-friendly cellulose
paper-based self-standing three-dimensional flexible electrodes exhibiting
trifunctional activity towards ORR, OER and HER for self-powered water splitting.
Herein, NiFeP/ NiB-CP electrode was explored for the integrated Zn-O; battery-
powered electrochemical water splitting. The NiFeP/ NiB-CP electrode
demonstrated good trifunctional activity towards ORR, OER and HER. A Zn-O>
battery established with the designed electrode was able to power an alkaline water

electrolyser to perform overall electrochemical water splitting.

Besides these, the consumption of fossil fuels also causes environmental pollution
which may result in serious health issues. Polluted air may affect different body
systems which can result in various hormonal imbalances, for instance, dopamine
which is a major neurotransmitter has been reported to fluctuate with exposure to
non-healthy living conditions. Therefore, the identification of dopamine levels is
important for clinical diagnosis and treatment purposes. In order to address this
problem, cellulose paper-based three-dimensional flexible electrodes (NiFeB/VC-
CP and CuSnB/VC-CP) were explored and directly employed as a three-
dimensional flexible electrode towards electrochemical dopamine sensing without

any additional step for preparing the sensor probe. As prepared electrodes
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demonstrated good sensitivity along with a wide detection range even in the

presence of a high concentration of ascorbic acid, glucose and uric acid interferents.
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2-1 Synthetic approach

2-1.1 Electroless deposition method:*7 It is a chemical process of metal coating
on various substrates by the chemical reduction of metal ions in a bath solution. As
this method provides conformal metal coatings by surface-selective chemical
reduction, it provides a route towards decoration of metal nanomaterials over a
substrate via the wet-chemical approach, simply by immersing a substrate into the
bath solution for a defined period of time. The method is flexible about the substrate
irrespective of its nature (conductive/non-conductive), composition, and
morphology. Although it is well established for metal finishing towards decorative
as well as corrosion prevention applications, but its application towards
nanomaterial synthesis is less common. This method is advantageous for coating
nanomaterials of targeted composition over the substrate surface by controlling the
reaction conditions. Additionally, nanomaterial deposition over the substrate
surface within minutes is very beneficial especially in scenarios where the reactions
cannot be terminated instantly. Therefore, this electroless deposition technique has
led to a new generation of nanomaterials synthesis. Successful deposition of the
materials of targeted composition depends on various factors including electroless
bath composition, compatibility of the particles, bath reactivity, particle size
distribution, and plating rate etc. Conventionally, electroless deposition involves
surface activation and sensitization using SnCl, and PdCl, followed by direct
chemical reduction of the metal ion on the substrate. The highlight of the present
study is the elimination of expensive PdCI; and SnCl based activators/sensitizers
to reduce the overall manufacturing cost as represented in Figure 2-1. In this thesis,
the activation free electroless deposition method has been employed for the
preparation of NiFeS@OCC, NiFeP@OCC, NiFeB@OCC, NiB-CP, NiFeB/VC-
CP and CuSnB/VC-CP electrodes, which are discussed in detail in chapters 3-6.

2-1.2 Electrodeposition method:* 81! Electrodeposition is the widely explored
conventional process for the thin metallic layer coating on top of a conductive

substrate for the modulation of the surface properties. In this process, the cations
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( Sensitization with Sncl, Activation with Pdcl, Deposition of metal
Conventional electroless deposition

Metal depomted substrate

O-functionalization of the substrate Deposition of metal

Activation free electroless deposition

Figure 2-1. Schematic representation of electroless deposition method.

of the targeted material present in the electrolyte get reduced by means of electric
current and consequently a thin film of those materials will be coated onto a
conductive substrate surface. This is commonly practiced for decoration purposes
and to achieve corrosion resistance, improve heat tolerance, reduce wear and
friction. Therefore, this technique can be employed to explore new materials for a
variety of applications by tailoring the surface properties of materials. In the course
of electrodeposition, firstly, the metal ions in the electrolyte migrate towards the
cathode under the influence of applied current and get neutralized and adsorbed as
a result of electron transfer and diffuse to growth on the cathode surface. The
thickness of the coated layer can be maintained by controlling the time duration of
the deposition. The overall performance of electrodeposition depends on various
factors including current density, current waveform, nature of the anions or cations
in the solutions, bath composition and temperature, concentration of electrolyte
solution, presence of impurities and physical and chemical nature of the substrate
etc. Thus, the material of the desired composition over the substrate surface can be
achieved by modulating the mentioned influencing factors. In the present study, the

electrodeposition method has been explored for the preparation of NiP/NiB-CP,
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Figure 2-2. Schematic representation of electrodeposition method.

Fe304/NiB-CP and NiFeP/NiB-CP electrodes, which are discussed in detail in
chapters 4 and 5.

2-2 Physical characterization

2-2.1 Electron microscopy:*> ¥ It is a very important technique for the
investigation of very small particles by the use of an accelerated beam of electrons
as a source of illumination. Various types of electron microscopic techniques
including scanning electron microscopy (SEM), field emission scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HR-TEM) were employed in this

thesis for the morphological characterization of the prepared electrodes.

2-2.1.1 Scanning electron microscopy (SEM):13-16 |t is one of the most widely
used non-destructive techniques to analyze the morphology of the material by
obtaining the high-resolution images of the materials as well as to show chemical
composition by elemental mapping and spot chemical analysis. Briefly, a focused
beam of high energy electrons is applied on the specimen surface, which dislocates
the electrons from the specimen (secondary electrons) and generates a variety of
signals which reveal information about the specimen including morphology,
chemical composition and orientation of the material constituents of the sample.
Energy-dispersive X-ray spectroscopy (EDX) equipped with an SEM instrument is
useful for obtaining the chemical composition of the specimen. During the EDX
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analysis, the X-ray resulting from the sample-electron beam interaction is utilized
for the elemental distribution and chemical composition analysis. In this study,
SEM measurements were carried out using JEOL, JSM-6610LV instrument with a
thermionic gun as the electron source whereas EDS and elemental dot mapping
were performed by using Oxford, INCAXx-act, 51-ADD0013 instrument.

2-2.1.2 Field emission scanning electron microscopy (FE-SEM): This electron
microscopy is an advanced version of SEM where a field emission electron gun is
used instead of a thermionic one. As the electron beam diameter for the field
emission electron gun is about 1000 times smaller than the thermionic gun, an
improved and highly resolved image is achievable with FE-SEM. In this thesis, the
FE-SEM measurements were performed using FESEM; SUPRA 55 VP- 4132
CARL ZEISS and FE-SEM, Hitachi, Japan, SU8010 instruments.

2-2.1.3 Transmission electron microscopy (TEM):1"-2 This electron microscopy
involves the transmission of electrons through the specimen instead of scattering
the electrons by the samples. During the TEM measurement, a very thin specimen
is irradiated with the help of an electron gun which is focused through two or three
condenser lenses and an image or diffraction pattern can be formed by the objective
lens facilized focused beam and can be viewed onto an imaging device like
fluorescent screen or a layer of photographic film. The diffraction pattern resulted
from the incident electrons, because of elastic scattering by the atoms of the
specimen provides morphological, crystallographic and compositional information
about the specimen. The TEM data were recorded during this study by using TEM,
JEM 2100, JEOL instrument for the

characterization of the electrode material.

2-2.1.4 High-resolution transmission electron microscopy (HRTEM): It is a
special mode of TEM which allows direct imaging of the atomic structure of the
specimen. The HRTEM images can be employed for the analysis of properties of

materials which can even resolve the lattice spacing of the sample up to 0.1 nm. A
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phase contrast image obtained from the transmitted and scattered beams provides
valuable information which is useful to analyze lattice imperfections as well as the
crystal structure of the material. The HR-TEM data for this study were obtained
from the FEI Tecnai (G2 F20) instrument operated at 200 keV.

2-2.2 X-ray photoelectron spectroscopy (XPS):?% 22 It is a powerful
spectroscopic technique for the investigation of the surface chemical composition
and oxidation state of the materials. During the XPS measurement, the material
under investigation is irradiated by applying a beam of X-rays (typically Al Ko or
Mg Ka) sources resulting in the escape of surface electrons from the specimen with
certain kinetic energies. The XPS spectrum can be constructed employing the
intensity of escaped electrons and binding energy (calculated from the Kinetic
energy), which provide the information about the elemental composition of
element with an atomic number of three and above as well as the types of chemical
bonds involved and oxidation state of the elements in the material surface both
qualitatively and quantitatively. In this thesis, the XPS technique is well explored
to analyze the surface chemical composition of the materials. The XPS data were
obtained by using a PHI 5000 VersaProbe Il spectrometer and Thermo scientific
NEXSA with monochromatic Al Ka radiation (1486.6 ¢V) under ultrahigh vacuum
conditions (UHV; 7x107° mbar pressure). All the data were processed by
calibrating with C 1s peak at 284.5 eV (precision of £0.2 eV).

2-2.3 Raman spectroscopy:?® 2* It is a powerful tool for the determination of
chemical states of the material. The underlying principal involves the measurement
of vibrational energy modes by the interaction of scattered light with the chemical
bonds within the material. The spectrum obtained can provide both chemical as
well as structural information along with their characteristic Raman ‘fingerprint’.
In this thesis, Raman analysis was performed to analyse the electrode materials by
using LabRAM HR Evolution Raman spectrometer (Horiba Scientific) with a 532

nm laser.
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2-2.4 Powder X-ray diffraction (PXRD):?%2¢ It is a primary characterization tool
to examine crystalline materials by measuring diffraction patterns. During the
PXRD measurement, crystalline material is irradiated by a monochromatic X-ray
beam with a wavelength similar to the size of atomic grating where the constructive
interference between scattered X-ray beams creates a diffraction pattern which is
unique to the particular crystal structure. In this measurement diffracted beam
intensity from crystal planes at different 26 values is recorded which provides both
qualitative and quantitative information regarding different phases present in the
crystalline material along with crystallite size, crystal orientation and percentage
crystallinity. During this study, PXRD information was obtained using PANalytical
X'Pert Pro diffractometer in the 26 range of 10-80° with a scan speed of 2° per
minute using Cu-Ka radiation (4 = 0.1542 nm, 40 kV, 40 mA). The experimental
PXRD data were analyzed by comparing them with reference patterns such as
Inorganic Crystal Structure Database (ICSD) and Joint Committee on Powder
Diffraction Standards (JCPDS).

2-2.5 UV-Vis spectroscopy:?" 2 It is a simple analytical technique for the
qualitative and quantitative assessment of solutions. During the measurement, a
beam of UV-Visible radiation with a discrete wavelength is allowed to pass through
the solution under investigation (Figure 2-3a). Because of the absorption of the
radiation of the particular wavelength, the active molecule gets excited and
promoted to a higher energy level. The amount of radiation that is adsorbed or
transmitted through the sample solution as a function of wavelength will be
recorded where the wavelength associated with the maximum absorbance (Amax) IS
considered as a key point for the authentication of the particular molecule (Figure
2-3b). The amount of the particular compound can be determined quantitatively

based on Beer-Lambert’s law (equation 2.1);

A= logIT0 = ecl (2.2)

31



Chapter 2

(a) (b) (c)

Absorbance of
sample

Solution

|O |T Increasing

Absorbance
>
El
Absorbance

concentration g [Tt " Concentration
3 = . of sample
UV-Visible radiation  Cuvette Wavelength Concentration of the solution

Figure 2-3. (a) Schematic representation of UV-Vis. spectroscopy, (b) UV-Vis. Spectrogram
for various concentration solutions and (c) calibration curve prepared from the different known

concentration solutions for determination of the unknown concentration of the solution.

where,
A = measured absorbance,
lo = intensity of the incident radiation at a particular wavelength
| = intensity of transmitted radiation
| = the path length through the sample
¢ = concentration of the absorbing species and

& = extinction coefficient

These measurements were carried out with the UV-Vis. spectrophotometer
(SEC2000-DH light source) by taking a typical quartz cuvette (5 ml). In this thesis,
the UV-Vis spectroscopic technique is widely explored in chapter 5A for the
analysis of product as well as probable impurities during the course of electrolysis
which is briefly described below.

2-2.5.1 Quantification of Ammonia?® %

A. Indophenol blue method: The amount of ammonia formed during the
electrochemical reduction of nitrogen was quantified spectrophotometrically in the
UV-Visible region by the Indophenol blue method. For this, a fixed amount of
electrolyte solution after the electrolysis was taken in which alkaline salicylic acid
& sodium citrate solution, sodium hypochlorite solution and sodium nitroprusside
solutions were added and left for two hours for complete color development (Figure
2-4a). Finally, the UV-Vis. absorption spectra were recorded at a wavelength of

655 nm (Figure 2-4b). The concentration—absorbance calibration curve was
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Figure 2-4. (a) Photographic images of analyte solution during color development, (b) UV-Vis
spectrum of various known concentration standard NHsz solutions and (c) corresponding
calibration curve for quantification of ammonia by Indophenol blue method.

generated with the help of a standard NH4Cl solution with known NH4*
concentrations from which the amount of ammonia was determined (Figure 2-4c).

The rate of ammonia formation was determined according to equation 2.2;

VXCNH3

Yield rate (ugcm=2h™1) = (2.2)

tXmeat,
Here, Cnns is the measured NH3 concentration, V the volume of electrolyte, t the

time of the reduction reaction and mca is the mass of the catalyst loaded onto the

electrode.

Similarly, its Faradaic efficiency (F.E.) was calculated following equation 2.3 as;

F.E. (%) = % (2.3)

where F is the Faraday constant and Q is the total amount of charge passed through

the electrodes during the electrolysis.

B. Nessler’s reagent method: Nessler’s reagent was prepared by mixing mercuric
iodide and potassium iodide in the sodium hydroxide solution. A fixed amount of
electrolyte was taken in which sodium potassium tartrate and Nessler’s reagent

were added for color development (Figure 2-5a). And finally, UV-Vis absorption
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Figure 2-5. (a) Photographic images of analyte solution during color development, (b) UV-Vis
spectrum of various known concentration standard NHs solutions and (c) corresponding

calibration curve for quantification of ammonia by Nessler’s reagent method.

measurement was performed at A=420 nm (Figure 2-5b). The calibration curve was
developed by using standard NH4ClI solutions with different known concentrations

in the same way (Figure 2-5c).

2-2.5.2 Quantification of hydrazine by Watt-Chrisp method:3! The hydrazine
formed during the electrolysis was quantified by Watt and Chrisp method using
UV-Vis. spectroscopy. In this method, the coloring solution composed of p-
Dimethylaminobenzaldehyde (p-CoH11NO) in HCI and ethanol. After electrolysis,
a fixed volume of electrolyte was taken and mixed with the coloring solution and
kept for 20 minutes at room temperature for color development. Finally, the N2H4
was quantified spectrophotometrically with the help of a calibration curve
generated by recording the absorbance at 455 nm by taking standard hydrazine
solution of various known concentrations.

2-2.5.3 Nitrate (NOz) and nitrite (NO2") ion determination:® In order to
determine the trace amount of NOs  present in the electrolyte, UV-Vis
spectrophotometry was applied by considering the Amax at 220 nm whereas the
quantification of nitrites (NO2")was carried out through the formation of a reddish-
purple azo dye product at pH 2-2.5 by coupling diazotized sulfanilamide with N-
(1-naphthyl)-ethylenediamine dihydrogen chloride (NEDA). The photometric

measurement of the colored dye is done at 540 nm.

2-3 Electrochemical measurements:2": 33
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The electrochemical investigations were carried out in a single-compartment
electrochemical cell during OER, ORR, HER and dopamine sensing experiments
whereas the electrochemical characterizations for overall water splitting and
electrochemical nitrogen reduction reaction were executed in a homemade two
compartment H-cell, separated by a Nafion N117 membrane under ambient
conditions of temperature and pressure. The cell setup consists of a working
electrode (WE), counter electrode (CE) and reference electrode (RE) immersed in
a suitable electrolyte solution (Figure 2-6). The prepared electrode is directly
employed as a working electrode in which potential is applied with respect to a
constant potential non-polarizable reference electrode such as Hg/HgO and

Ag/AgCI. A counter electrode (Pt wire or graphite rod) is taken to complete the

Figure 2-6. Photographic image of cell setup and electrochemical workstation employed

during electrochemical analysis.

electric circuit which remains inert in the electrolytic environment under the
applied potential window. During the electrochemical reaction, the current flows
between WE and CE and the current response is recorded with respect to the
applied potential to WE over the time duration.In the present study, potentiostat
from Bio-Logic (VSP 300) was used for all the electrochemical measurements
(Figure 2-6). In order to maintain uniformity in potential representation and
compare with the reported literature the potentials measured against reference
electrodes were converted to the reversible hydrogen electrode (RHE) according to

equation (2.4);
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ErHE = ERef + E Ref + 0.059 pH (2.4)
where,
ErHE= potential in RHE
Eret = measured potential against the reference electrode and

E “ref= standard potential of the reference electrode

2-3.1 Cyclic voltammetry (CV) and linear sweep voltammetry (LSV):3% %

Cyclic voltammetry (CV) is the most common voltammetric technique employed

(a) Cycle2 (b)
p—

Oxidation

-
Y-
-
-

-
-

Potential (V)
Current (mA)

Reduction

Time (s) Potential (V)
Figure 2-7. Cyclic voltammogram (a) potential vs. time plot and (b) current versus potential
plot.

in almost all electrochemical measurements. In the course of CV measurement, the
working electrode potential is ramped linearly with time between the initial
potential (Ei) and final potential (Ex) at a specified scan rate (mV s?) in a cyclic
manner in which both oxidation and reduction behaviour of the working electrode
is recorded. Whereas the linear sweep voltammetry (LSV) records either oxidation
or reduction characteristics of the working electrode within the applied potential
window E;i to Ex. The recorded current-potential curve during CV and LSV
measurements are represented by voltammograms in which applied potential and
current response are plotted on the x- and y-axis respectively (Figure 2-7). The
electrochemical behavior can be analyzed on the basis of anodic and cathodic peak
current obtained in the voltammogram by applying the Randles-Sevcik equation (2.5)
which establishes the relation of peak current (ip) with scan rate (v).
ip=2.69 x 10° n¥2v12DY2 A ¢ (2.5)

where,
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Ip = peak current

n = number of electrons transferred in a redox reaction

vV =scan rate

D = diffusion coefficient

A = area of the electrode and

C = concentration
2-3.2 Differential pulse voltammetry (DPV):3¢ In this technique amplitude
potential pulses are applied on a linear ramp potential, within the fixed potential
window in the faradaic region (electron transfer to and from an electrode). During
this measurement, the current is measured before the pulse application and at the
end of the pulse the difference between them is recorded because of which the
background current gets reduced consequently capacitive current-free response
will be obtained. Therefore, the DPV can provide high sensitivity compared to the
other voltammetric method as a result of low capacitive current. This method is
often employed to detect analytes with similar oxidation potentials separately by
achieving a sharp peak response due to small step sizes in DPV. The DPV with
small pulses, are mainly important to study the very small amount of bounded
reactant. Besides sensitivities, this technique have been widely employed to
improve selectivity for different redox processes.
2-3.3 Electrochemical surface area (ECSA):3" The electrocatalytic activity of the
electrocatalyst depends on the number of exposed active sites of the catalyst, which
can be investigated by determining the electrochemical active surface area (ECSA).
The ECSA of the electrocatalysts were calculated by determining the double-layer
pseudo-capacitance (Cai) of the catalyst. The cyclic voltammetry was recorded in
the non-faradic potential zone at various scan rates and the double-layer pseudo-
capacitance (Cai) was obtained as a slope of the graph of averaged current density
[(Jatjc)]/2; where, ja and jc are anodic and cathodic current densities at a particular
potential versus the scan rate. The specific capacitance of 40 uF cm™ in 1 M KOH
used during the determination of the electrochemically-active surface area was

decided on the basis of reported capacitances for various metallic surfaces in
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alkaline solutions. As the specific capacitances of Ni surfaces in alkaline solution
have been ranging between 22 to 40 pF cm™ whereas after including the reported
specific capacitances for carbon, Cu, Pt, Co, and Mo in alkaline solutions, the
average specific capacitance changes to 43 uF cm™. Therefore, on the basis of
various reported literature a specific capacitance of 40 uF cm has been chosen for
the measurement of ECSA in alkaline solution.

2-3.4 Electrochemical impedance spectroscopy (EIS):38 3 EIS is an important
multifrequency AC electrochemical measurement technique to investigate the
properties of materials and electrode reactions. This technique measures the
electrical resistance (impedance) of the electrode/electrolyte interface over a wide
range of frequencies and the obtained result provides the information for the
solution resistance (high-frequency region), polarization resistance (low-frequency
region), and capacitance of double layer. The charge transfer resistance (Rct) can
be obtained by subtracting solution resistance (Rs) from polarization resistance
(Rp). Besides solution resistance and charge transfer resistance the diffusion also
can create an impedance called a Warburg impedance which is represented by
slanting line at low frequency region. On a Nyquist Plot the Warburg impedance

appears as a diagonal line with a slope of 45°.

_Z" (Q)
g:u

Z’ (Q)
Figure 2-8. Nyquist plot showing solution resistance (Rs), charge transfer resistance (R¢t) and

polarization resistance (Rp).

2-3.5 Chronopotentiometry and chronoamperometry techniques: The
durability of an electrocatalyst is very important for practical applications, which

can be affected by the electrochemical conditions like the nature of the electrolyte,
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electrode material, applied potential etc. In this study, the durability of the
developed flexible electrodes was studied by employing chronopotentiometric and
chronoamperometric techniques. A fixed current density value was applied and the
corresponding potential response was recorded as a function of time

fixed potential and current response were recorded as a function of time for a long-
during the chronopotentiometric studies whereas chronoamperometry was
performed at a time duration to examine the overall stability. Furthermore, the
robustness of the electrode material with the variation of the potential was
examined by carrying out chronopotentiometry sequentially at various current
densities.

2-4 Quantification of evolved gas:® 4°

The hydrogen and oxygen gas that evolved during electrolysis were estimated
quantitatively by the eudiometric method. The experiment was performed with a
three-electrode system in a homemade cell set up where an electrochemical cell
was constructed by keeping the working electrode inside the inverted burette filled
with the electrolyte. The developed flexible electrode operated as a working
electrode along with a Pt wire counter electrode referenced against Hg/HgO/1 M
NaOH reference electrode. Then the chronoamperometric experiment was
performed at a fixed potential for a fixed time period. Thereafter, resulting gas
volume was noted and the amount of Hz and O evolved was determined by using
ideal gas approximation. The value of turn over number (TON) and turn over

frequency (TOF) were calculated as

TON = amount ofproduct/lamount of catalyst (2.6)
TOF = TON/time (2.7)
Faradaic efficiency =V measured/V theoretical (2.8)

2-5 Zn-O2 battery: 4143

A battery is an energy storage device that can store chemical energy and later

convert it into electric energy by means of electrochemical reactions. It is
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composed of an anode and cathode immersed in the electrolyte and separated by
an insulating separator. Throughout discharge, the electrochemical reactions lead

to the flow of electrons from the anode to the cathode through an external circuit
and provide an electric current that can be utilized to power a device whereas,
during charging, the battery is connected to an external electricity supply, which
results in opposite electrode reaction to that during the discharging. In the field of
battery technology, Li-ion batteries (LiBs) are leading the current market of energy
storage device but their drawbacks like limited energy density, high cost, and safety
hazards associated with flammable organic electrolyte limits wider applications
towards next-generation electrical devices. In this respect agqueous Zn-air batteries
are considered a promising candidate as it has high theoretical energy density

(mention the value here), and the aqueous electrolyte is beneficial for assurance of

safety, low cost and eco-friendly nature. A typical Zn-air battery consists of a Zn

[

Figure 2-9. Schematic representation for the charge and discharge process in Zn-air battery.

anode and an air cathode separated by an insulating separator to avoid the short

circuit and allow the transfer of ions across the cell with (6 M KOH + 0.2 M

Zn(ac)2) as an electrolyte (Figure 2-9). Briefly following reaction take place at

respective the electrodes during discharging and charging of a Zn-air battery;

Discharge

Anode: Zn + 40H" —  Zn(OH)4* + 2e~ (2.9)
Zn(OH)4* — ZnO+ H20+ 20H- (2.10)
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Cathode: 1/20;+H,O +2¢° — 20H (2.11)

Overall reaction:  2Zn + O3 — 2Zn0 (2.12)

Charge

Cathode: ZnO+H,0+20H" —  Zn(OH)4* (2.13)
Zn(OH)4* +2e” —  Zn+40H" (2.14)

Anode: 20H — 1/202+ H,O+2e” (2.15)

Overall reaction:  2ZnO — 2Zn+ 02 (2.16)

Generally, the overall performance of the battery is evaluated based on the
following key parameters; which was employed in chapter 5A

Specific capacity: It is the measure of the quantity of energy that it can deliver in
a single discharge. In general, the amount of electric charge that can be
accumulated during the charging process, stored during the open circuit stay, and
released during the discharge process is represented as battery capacity. The
specific capacity can be calculated by using the formula given in equation (2.17)

current xXdischarge time

Specific capacity = (2.17)

weight of zinc consumed

Energy density: It is the amount of charge that can be stored per gram or per litre
of the compound which is expressed in terms of gravimetric (Wh kg?) and
volumetric energy density (Wh L1). The energy density of a Zn — air battery can

be calculated by using the formula given in equation (2.18)

current xXdischarge time xaverage discharge voltage

Energy density = (2.18)

weight of zinc consumed

Power density: The rate at which the stored energy can be released is known as
power density which is expressed as mW cm. A cell with high energy density is
not always advantageous as this energy cannot be released to provide high power
output, therefore cell with high power density is necessary to run high-power
demanding devices. The power density can be determined from the product of the
current density and the corresponding potential during the discharge of a battery.

Cycle life: The cycle life of a battery represents the total number of charge-

discharge cycles which can be operated prior to the degradation of its performance
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beyond its useful level.

Battery assembly: Zn-air battery performance was evaluated by constructing a
homemade battery containing an air electrode, separator and zinc plate. The air
electrode contained three layers i.e., gas diffusion layer (GDL), Ni-foam current
collector and developed flexible paper air electrode separated by glass microfibre
separator with the Zn-anode where 6 M KOH containing 0.2 M Zn (Ac)2 was
applied as electrolyte. The GDL containing Vulcan carbon with PVDF binder in a
1:1 ratio dispersed in NMP was applied in the Ni-foam and assembled the battery

! Connecting wire GDL coated Ni foam

Zn-foil

!

(2

Separator

Paper electrode Connecting wire

Figure 2-10. Schematic representation of the assembly of a homemade Zn-O; battery.

as shown in Figure 2-10. In order to compare the battery performance with state-
of- the-art material a rechargeable battery was constructed by coating a slurry
containing a 1:1 mass ratio of Pt/C (20 %) and RuOz (99.95 %) on NiB-CP by
maintaining similar loading keeping the rest arrangement same and the
measurements were performed under the ambient conditions. All the
electrochemical experiments were carried out by using a Biologic BCS-810 battery
cycler.

2-6 Basic terminology used in biosensing:4446

Analyte: It is a material (biomolecules) of interest which need to be detected. In
this study, dopamine is termed as an ‘analyte’ in a biosensor developed to detect at
a particular concentration.

Limit of detection and sensitivity: The minimum quantity of analyte which can

be detected by a biosensor is designated as its limit of detection (LOD) which is
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determined according to equation 2.19
LOD=3S/m (2.19)

where,

S = Standard deviation of the blank signal

m = sensitivity which is obtained as a slope of the calibration curve between

analyte concentrations and peak current density.
Smaller value of LOD and higher sensitivities are the ideal characteristics of a good
biosensor.
Selectivity: It is the ability of the sensor to sense a particular analyte in a sample
containing other interfering species. Generally, the body fluid contains various
electroactive interfering species therefore the selectivity is considered a key
parameter while constructing a biosensor.
Recovery: Generally, a recovery test is executed to evaluate the efficiency of a
biosensor system in detecting a particular analyte. The recovery percentage is
determined as;

Recovery (%) = (amount of analyte found/amount of analyte added) x 100
(2.12)
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The activation free electroless deposition of NiFe
over carbon cloth as electrode towards overall
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3-1 Introduction

Environmental impact of fossil fuels and their sustainability has instigated the
researchers towards the development of various forms of renewable energy
production and storage system.! Hydrogen (Hz) holds paramount significance in
the quest of development of an environmentally benign, cleaner and ecological
energy system.>* Electrochemical water splitting provides a sustainable, cost-
effective and greener approach for large-scale pure hydrogen production towards
the vision of using H. as a future energy carrier without any carbon traits.>” The
overall water splitting includes an anodic oxygen evolution reaction (OER) and a
cathodic hydrogen evolution reaction (HER) which are profoundly relying on the
activity of the electrocatalyst as well as coherent design of electrode architecture.®
12 Generally, the electrodes are prepared by casting the catalyst ink on a conductive
substrate i.e., the current collectors viz., carbon and metal foil/foam based substrate
with the assistance of an insulating binder. Although the binder provides physical
adhesion, it may flummox the ion transport and hinder the release of bubbles
resulting in catalyst pealing from the electrode surface leading to a moderate
electrochemical performance.’®® Besides the stability issues, the major
disadvantages of these electrodes are the lengthy fabrication procedures, high cost,
structural fragility of the substrate etc. In this regard, designing of three-
dimensional binder free self-standing electrodes is an innovative approach which
can possess increased density of active sites to realize faster mass transport, low
contact resistance, low electrolyte penetration, reduced ohmic losses, and can
provide excellent catalyst-substrate adhesion as compared to the binder assorted
electrodes.® 1" Some of the common methods involved in the fabrication of three-
dimensional self-standing electrodes are electrodeposition,'® 1° electroless
deposition?® 2! chemical vapor deposition and so on.?> 23 Among these, electroless
deposition is getting tremendous attraction due to its unbeaten virtues like
simplicity, cost effectiveness, rapidity, minimization of the mechanical damage to

the substrate and providing secure uniform coating.?* % In particular, it doesn’t
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require electricity and is applicable to even non-conductive substrate which can be

scalable.

Although RuOzand Pt/C are considered as benchmark electrocatalysts for OER and
HER respectively, but their low abundance, high cost and inadequate bifunctional
activity somewhat restricts their practical application. Additionally, the benchmark
OER catalyst is not suitable for HER and Pt/C is not stable under OER conditions.?
More importantly pairing two different electrodes for OER and HER increase
reaction complexity and overall manufacturing cost. Therefore, it is highly
attractive to design and develop efficient and low-cost water splitting catalysts
made of earth-abundant elements. Among non-precious metal based
electrocatalysts, transition metal-based catalysts?” ?® especially Ni and Fe-based
bimetallic sulfide and phosphide are known to exhibit the most promising activity
towards overall water splitting owing to their high electrical conductivity, earth
abundance, high activity and excellent stability in alkaline media.?>3! However, the
synthesis of these catalysts is time-consuming which involves multistep process

and expensive precursors.3® %

The present study aims to explore the applicability of electroless deposition for
growth of NiFeS and NiFeP electrocatalyst over the highly flexible carbon cloth
substrate towards overall electrocatalytic water splitting. The carbon fiber-based
substrates are of great research interest for various applications due to their high
flexibility, low cost, corrosion resistance property and good biocompatibility as
compared to metal foams or foils.333% Therefore, the development of carbon cloth
(CC) based flexible electrodes with deposition of non-noble metal based
electrocatalyst by just simple dip-coating method adds up an initiation to overcome
the above mentioned shortcomings. Conventionally, electroless deposition
involves surface activation and sensitization using SnCl, and PdCl. followed by
direct chemical reduction of the metal ion on the substrate.*® The highlight of the
present study is the elimination of expensive PdCl, and SnCl, based

activators/sensitizers to reduce the overall manufacturing cost by the introduction
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of functional groups on the carbon cloth which provides strong adsorption of metal
ions and simultaneously enhance the conductivity along with mass transport
Kinetics. To the best of our knowledge this is the first report on elimination of
preactivation procedure for electroless deposition of NiFe based sulphides and
phosphides over carbon cloth. The fabricated electrode was used directly as a
flexible electrode which demonstrated a good bifunctional activity towards
electrochemical water splitting in alkaline media and also showed good flexibility

and electrochemical performance at various mechanical deformation states.
3-2 Electrode fabrication

3-2.1 Pretreatment of carbon cloth: The commercially available carbon cloth was
treated with concentrated nitric acid to functionalize it with hydrophilic oxygen
groups by following a previously reported literature®’ and herein denoted as oxygen
functionalized carbon cloth (OCC). The functionalized CC was then washed
thoroughly with deionized water until it got neutralized, then dried in a hot air oven

at 60 "C and used for further deposition.

3-2.2 NiFeS deposition on carbon cloth (NiFeS@OCC): The fabrication of
flexible NiFeS deposited OCC (NiFeS@OCC) was carried out by electroless
deposition method. For this, a piece of oxygen functionalized carbon cloth (OCC)
of dimension 1 cm x 1 cm was taken as substrate and immersed in the bath solution
consisting of 0.25M nickel nitrate (NiNOz-6H20), 0.0825M ammonium ferrous
sulphate ((NH4)2SO4.FeS0O4.6H20), 2M thiourea ((NH2)2CS) and 0.5M boric acid
(HsBOz3). The pH of bath solution was maintained between 1-1.5 by adjusting with
2M H2S04 solution. The deposition on carbon cloth was carried out for 10 minutes
at a bath temperature 60 ‘C and designated as NiFeS@OCC. The composition of
the bath solution was optimized by varying the molar ratio of Ni and Fe from 1:1
to 4:1 by same procedure. In the similar fashion, deposition bath for NiS and FeS
were carried out by keeping only respective metal salt in the same bath solution by

keeping the rest of the procedure same.3®
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Figure 3-1. (a) Photographs of electroless-deposited flexible electrode under various
deformations, P-XRD pattern of (b) NiFeS@OCC and (c) NiFeP@OCC electrodes.

3-2.3 NiFeP deposition on carbon cloth (NiFeP@OCC): The deposition of
NiFeP over OCC was performed in the bath solution composed of Ni(NO3)2.6H20
(0.25M) FeS04.(NH4)2S0O4.6H20 (0.085M) triethanolamine (0.05M, 7 g/L) H3BO3
(0.08M, 5 g/L), NaH2PO> (0.113M, 10 g/L) trisodium citrate (0.039M, 10 g/L),
NH3.H20 (6 ml/L) and thereby mentioned as NiFeP@OCC. Similarly, bath for NiP
and FeP were prepared by adding single metallic salt and keeping the rest of the

procedure same.*
3-3 Results and discussion

3-3.1 Physical characterization: For the fabrication of the electrode, firstly, the
commercially available carbon cloth was treated with nitric acid to introduce
oxygen functional groups on the surface of carbon fiber (denoted as OCC) so as to
facilitate the strong anchoring of metal ions during electroless deposition.*® After
the oxygen functionalization of the carbon cloth, the active NiFeS and NiFeP
catalysts were decorated over it by a single step electroless deposition method.
Thus fabricated electrodes exhibited good flexibility under various mechanical
deformation states such as bending, rolling and twisting as shown in Figure 3-1a
and was able to regain original shape after relaxing. The microstructure and
morphology of these flexible electrodes were studied by P-XRD, SEM and Raman

spectroscopic techniques. The observed peaks in the P-XRD patterns of
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)

Figure 3-2. SEM images of (a) bare carbon cloth, (b) NiFeS@OCC and (c) NiFeP@OCC and
elemental dot mapping images (d) for all elements, (e) Ni, (f) Fe, and (g) S elements of
NiFeS@OCC electrode and (h) for all elements, (i) Ni, (j) Fe, (k) P of NiFeP@OCC electrode.

NiFeS@OCC (Figure 3-1b) at 26 values of 26.5°, 43.5° and 54° could be attributed
to graphitic carbon and moderate peaks at 32.7°, 34.6° and 44.7° could be ascribed
to NiFeS (PDF no. 000120736) whereas peaks at 49.1° and 53.1° were assigned to
NiS (PDF no. 01- 075-0612)*.. Similarly, NiFeP@OCC exhibited additional three
peaks apart from graphitic carbon peaks i.e., one at 44.6° was assigned to NiP;*?
and others at 49.0° and 52.8° corresponded to Fe;NiP (Figure 3-1c).* The SEM
images of the flexible NiFeEP@OCC and NiFeS@OCC electrodes showed the
sparse deposition of the NiFeP and NiFeS particles over carbon cloth when
compared with that of the bare carbon cloth and the deposition was found to be
denser in case of NiFeP@OCC (Figure 3-2a-c). Moreover, the uniform distribution
of all the respective elements over the scanned area was observed in the elemental
dot mapping images (Figure 3-2d-k) and revealed the successful deposition of
NiFeP and NiFeS over the OCC. Additionally, the distinct characteristic peaks
around 1357 and 1612 cmtin the Raman spectra were assigned to the D and G
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Figure 3-3. Raman spectra of (a) OCC, (b) NiFeS@OCC and (c) NiFeP@OCC electrode.

carbon band respectively where the intensity ratio of these bands (Io/lg) was found
to be high for NiFeS@OCC (1.18) and NiFeP@OCC (1.19) when compared to
bare OCC (1.15) (Figure 3-3a-c), which could probably be due to the generation of
higher number of defects as a consequence of the deposition of NiFeS and NiFeP
particles over carbon cloth.!® 4 Further, the surface properties of the NiFeS@OCC
and NiFeP@OCC electrodes were examined by X-ray photoelectron spectroscopy.
The XPS survey spectra of the NiFeS@OCC (Figure 3-4a) revealed the successful
oxygen functionalization and deposition of meterials on carbon cloth. The high
resolution deconvoluted XP spectra of Ni 2p showed two peaks at 856.3 and 861.9
eV (Figure 3-4c) attributed to the presence of Ni in +2 oxidation state.** Similarly,
peaks at 710.6 eV and 723.9 eV in the deconvoluted Fe 2p spectra (Figure 3-4d)
evidenced the existence of Fe in +2 oxidation state. Additionally, the existence of
peaks at 163.5 and 168.5 eV in the S 2p spectra revealed the presence of sulfide
and sulphate respectively (Figure 3-4e), which further confirmed that the
NiFeS@OCC electrode contains sulfides of nickel and iron. In the similar fashion,
the deconvoluted Ni 2p XP spectra of the NiFeP@OCC electrode (Figure 3-4f-h),
displayed a pair of peaks at 853.2 & 870.4 eV and 856.4 & 874.3 eV, which
confirmed that Ni is present in 0 and +2 oxidation state. Furthermore, the high-
resolution Fe 2p spectra demonstrated the spin orbit doublet peaks located at 711.8
and 724 eV corresponding to Fe in +2 oxidation state and the peaks at 130.2 eV
and 133.2 eV in the P 2p spectrum confirmed the existence of M-P bonding and

formation of phosphate (P-O) due to surface oxidation.
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Figure 3-4. XPS survey spectra of (a) NiFeS@OCC and (b) NiFeP@OCC electrodes,
deconvoluted XPS spectra of (c) Ni 2p, (d) Fe 2p and (e) S 2p of NiFeS@OCC electrode and
(f) Ni 2p, (g) Fe 2p and (h) P 2p of NiFeP@OCC electrode.

3-3.2 Catalytic activity towards OER and HER: In order to evaluate the
applicability of flexible NiFeS@OCC and NiFeP@OCC electrodes towards
oxygen evolution reaction (OER), firstly, linear sweep voltammetry (LSV) was
carried out in 1M KOH solution using conventional three-electrode configuration.
Polarization curves were recorded by taking NiFeS@OCC and NiFeP@OCC
electrodes directly as a working electrode (WE) where Pt wire and Hg/HgO/1M
NaOH served as counter electrode (CE) and reference electrode (RE) respectively.
Afterwards, the catalytic performance was compared with benchmark
electrocatalyst RuO> and other control samples prepared under similar conditions.

The LSV curve (Figure 3-5a) recorded at a scan rate of 5 mVs* elucidate the
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superior OER activity of NiFeS@OCC as validated by a sharp increase in oxidative
current density with lower onset potential than bare OCC and other control
electrodes where the evolution of oxygen at 1.43 V vs. RHE is clearly evident.
Further sweeping on potential towards higher potential led to increase in anodic
current density as a consequence of enhanced oxygen evolution. The flexible
NiFeS@OCC electrode achieved 10 mA cm? of current density at a low
overpotential of 220 mV and attained a high current density of 138 mA cm=2at a
potential of 1.80 V vs. RHE whereas, the monometallic FeS@OCC and NiS@OCC
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Figure 3-5. (a), (b) & (e) LSV curves of various electrodes at 5 mV s and (c) at various scan

rates showing OER activity (d)& (f) corresponding Tafel slopes.

electrodes required 301 and 322 mV overpotential to reach the same 10 mA cm
current density signifying that the synergetic effect between Ni and Fe boosts the
electrochemical activity by tuning the electronic density on metals and hence
accelerated the kinetics of sluggish OER. In order to identify the role of oxygen
functionalization, NiFeS was deposited on carbon cloth without functionalization
(CC) to obtain NiFeS@CC, which demonstrated a poor activity of 8 mA cm at
1.8 V vs. RHE (Figure 3-5b), emphasizing the importance of functionalization of
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carbon cloth which led to the improved adsorption of reaction intermediates over
the catalyst surface during OER. Similarly, the LSVs at various scan rates were
recorded to check the effect of scan rate, where a negligible change in onset
potential and current density was observed for NiFeS@OCC. The electrode
exhibited similar behavior at different scan rates ranging from 1 mV s* to 25 mv
s representing its stability towards electrochemical OER (Figure 3-5¢).%°
Moreover, Tafel slope is a powerful tool to evaluate the potential-dependent rate of
electrochemical reaction since it is associated with surface coverage of adsorbed
intermediate species. Herein, the lower Tafel slope of 75 mV dec? for
NiFeS@OCC than other monometallic electrodes NiS@OCC (125 mV dec?) and
FeS@OCC (325 mV dec?) signifies the enhanced adsorption/desorption and thus
establishing superior kinetics of NiFeS@OCC (Figure 3-5d). In the similar fashion,
as expected the NiFeP@OCC electrode showed higher OER activity than bare
carbon cloth electrode and other monometallic phosphide electrodes (i.e.,
NiP@OCC and FeP@OCC) under similar conditions.
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Figure 3-6. Stepwise chronoamperometry for (a) NiFeS@OCC & (d) NiFeP@OCC and their
corresponding absolute current density curves for (b) NiFeS@OCC & (e) NiFeP@OCC and
chronopotentiometrc curves for (¢) NiFeS@OCC & (f) NiFeP@OCC electrodes.
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Figure 3-7. SEM images of (a) NiFeS@OCC, (b) NiFeP@OCC and elemental dot mapping
images for (c) all elements, (d) Ni, (e) Fe, and (f) S elements of NiFeS@OCC electrode and
(9) all elements, (h) Ni, (i) Fe, (j) P of NiFeP@OCC electrode after durability study.

Particularly, the NiFeP@OCC electrode required an overpotential of only 270 mV
to achieve 10 mA cm (Figure 3-5€) with a lower Tafel slope value of 76 mVdec™
(Figure 3-5f) in comparison to 320 and 450 mV overpotential and Tafel slope of
168 and 180 mV dec? for monometallic NiP@OCC and FeP@OCC electrodes
respectively, signifying the enhanced performance as a result of synergetic effect.
Thereafter, the sequential chronoamperometric study was carried out for the further
confirmation of the onset potential for OER. The recorded current response during
stepwise increment of the working electrode potential for NiFeS@OCC and
NiFeP@OCC electrodes (Figure 3-6) designated that onset potential determined
from LSV curves are in agreement with the sequential chronoamperometric
measurements. In addition to superior activity, long term operation stability of the
electrode is also an imperative parameter to evaluate the performance of catalyst
towards oxygen evolution. In addition, to evaluate the durability of the electrode

under a highly alkaline environment, chronopotentiometry test was conducted at a
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(a) NiFeS@OCC after electrolysis (b) NiFeP@OCC after electrolysis
‘-':' —
S S
L L
= 2
2 NiO, (PDF no. 01-084-8397) g
2 3 NiFeP@OCC as prepared
c FeNi,S, (PDF no. 01-073-8669) c

| T I I Il T | - J L} L] T Ll L)
30 35 40 45 50 32 36 40 44 48

20 (degree) 20 (degree)

Figure 3-8. P-XRD pattern of (a) NiFeS@OCC and (b) NiFeP@OCC electrodes before and
after durability study.

fixed current density of 10 mA cm? for 48 h for both NiFeS@OCC and
NiFeP@OCC electrodes. As shown in Figure 3-6¢ & f, both the catalysts had
maintained a stable potential response throughout the study without any significant
deactivation. After the durability test, the electrode was subjected to P-XRD
studies, SEM and EDS elemental dot mapping analysis wherein the SEM images
after stability tests showed retention in deposition of the catalyst material over the
carbon cloth (Figure 3-7a-b) and corresponding elemental dot mapping images
(Figure 3-7c-j) displayed the presence of all the elements for NiFeS@OCC as well
as NiFeP@OCC electrodes even after prolonged electrolysis over 48 h. Similarly,
the retention of the P-XRD patterns for NiFeP@OCC after electrolysis validated
the stability of catalyst whereas presence of FeNi>S4 (PDF no. 01-073-8669), Fe,0O3
(PDF no. 00-039-0239) and NiO; (PDF no. 01-089-8397) in P-XRD pattern of
NiFeS@OCC after electrolysis indicated the partial surface oxidation of the
catalyst (Figure 3-8). Furthermore, the stability for both the catalyst were examined
by performing stepwise chronopotentiometry at multiple current densities from 10
to 50 mA cm. Figure 3-9a-b clearly evidenced that the electrodes reveal excellent
stability at multiple current densities and retain similar potential after switching
back from higher to lower current densities, confirming excellent mass transport

and mechanical robustness as well. It is noteworthy to mention that the
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Figure 3-9. Stepwise chronopotentiometry for (a) NiFeS@OCC and (b) NiFeP@OCC
electrodes, (c) LSV curve of various electrodes and (d) corresponding Tafel slopes. LSV curve
at various bending angles for (e) NiFeS@OCC and (f) NiFeP@OCC electrodes during OER
activity.

electrocatalytic activity of the as synthesized electrodes were found to be similar to
that of the commercial benchmark RuO> catalyst in terms of Tafel slope (Figure 3-
9c-d), but surpassed RuO: in terms of overpotential, as it required high
overpotential of 290 mV to achieve 10 mA cm which was 70 and 20 mV greater
than NiFeS@OCC and NiFeP@OCC respectively. More interestingly, thus
developed self-standing three-dimensional electrode exhibited outstanding
flexibility and maintained a similar electrochemical activity even after bending at
various angles from 0°, 30°, 60°, 90° and 180° (Figure 3-9e-f) which demonstrated
the applicability of these electrodes under extreme deformation conditions.

The excellent OER activity of these electrodes further captivated us to investigate
HER activity under similar conditions. The oxygen functionalized carbon cloth
(OCC) alone was found to be HER inactive even up to -0.6 V vs. RHE.
Remarkably, NiFeS@OCC demonstrated a sharp increase in reductive current

density and exhibited an overpotential of 223 mV at 10 mA c¢cm in turn revealing
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superior activity in comparison to control monometallic electrodes (Figure 3-10a).
On the other hand, as indicated in Figure 3-10b, NiFeP@OCC achieved 10 mA cm”
2 current density at an overpotential of 300 mV, which was still a better activity
than the other control samples. In this way, NiFeS@OCC showed a 77 mV lower
overpotential than NiFeP@OCC to attain similar current density (Figure 3-10c).
Also, the NiFeS@OCC showed a Tafel slope of 62.4 mV dec which was found to
be significantly lower when compared to that of the NiFeP@OCC (Figure 3-10d)
demonstrating a Volmer—Heyrovsky reaction mechanism where the rate-
controlling step is electrochemical desorption of H2.* These results were found to
be mediocre when compared with state of art catalyst Pt/C, which required only 60
mV of overpotential for hydrogen evolution with a lower Tafel slope of 59.2 mV
dec (Figure 3-10d). In addition, the stability of NiFeS@OCC and NiFeP@OCC

electrodes were examined by performing chronopotentiometric study at a fixed

J@ ) offe) ———
< 204 < ~
: B 5
i o
£ 40 7 < < -40-
£ — NiFes@occ £ —nNiFeP@oce | E
—Fes@occ =404 ——FeP@OCC = ——occ
604 ——Nis@occ —NiP@OCC .60 NiFeP@OCC
—occ —occ NiFeS@OCC
.300 2 T 2 20 -60 T T 80
-0. 0. -0. . -0.6 0.4 -0.2 0.0 - ¥ y
0.6 04 02 0.0
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)
60 '
(d) 0.2+ (f) R.(Q) ECSA (cm?)
6.99
— A _—
@ < o 0.4
E 1 A e,’J.““N - I 4.99
r o 3@ s NiFeS@OCC n:
@ e » niFeP@occ | L 0.6
s [ >
ézu- I s NiFes@occC
= 084 . NiFer@occ 0.57 0.95
(e) £
0 , . . . 1.0 . y T v
0.0 0.1 02 03 04 0.5 4 8 12 16 20 NiFeS@0CC NiFeP@OCC
logj (mA cm?) Time (h)

Figure 3-10. The LSVs for (a) NiFeS@OCC and (b) NiFeP@OCC with their control samples
for the HER. (c) The HER activity compared with that of benchmark Pt/C under similar
conditions. (d) Tafel slope, () chronopotentiometric measurements for NiFeS@OCC and
NiFeP@OCC for 24 h, and (f) a bar diagram showing a comparison of ECSA and charge
transfer resistance for NiFeP@OCC and NiFeS@OCC.
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current density of 10 mA cm=. As witnessed from Figure 3-10e, both catalysts
delivered a stable response over the stability window and such a high endurance
perceived for 24 hrs of chronopotentiometry illustrate the suitability of the
electrode for practical applications. In this way, intrinsically higher OER activity
with sufficient HER activity of these electrodes make them a decent candidate for
the bifunctional catalyst. The significant difference in the electrochemical activities
of both the electrodes was revealed by the EIS study to unerstand the kinetics of
interfacial charge transfer process at electrode-electrolyte interface (Table 3-1).
The observed lower charge transfer resistance (Rc) i.e., 0.57 Q for NiFeS@OCC
clearly evidenced the accelerated charge transfer dynamics at the electrode
electrolyte interface which may be attributed to an adequate exposure of active sites
for reactant species. On the other hand, NiFeP@OCC exhibited a relatively higher
value of Reti.e., 0.95 Q designating the sluggish kinetics due to resistance at the
electrode-electrolyte interface. This highlighted the fact that NiFeS@OCC exhibit
faster kinetics as a consequence of facilitated electron transport at the catalyst
surface which was further supported by higher electrochemical surface area
(ECSA) of NiFeS@OCC (6.55 cm?) in comparison to NiFeP@OCC (4.84 cm?)
which confirmed the presence of more exposed active sites resulting in a high
catalytic performance (Table 3-2). For a better overview, we have compared the
ECSA and R of both catalysts in Figure 3-10f, signifying superior activity of
NiFeS@OCC than that of NiFeP@OCC.

Table 3-1: Electrochemical impedance analysis of various electrodes.

S.No. Electrode Rs (Q) Rp (Q) Ret (QO)
1. NiFeS@0OCC 212 2.69 0.57
2. FeS@OCC 2.61 6.66 4.05
3. NiS@OCC 2.23 5.98 3.75
4, NiFeP@OCC 5.78 6.73 0.95
5. FeP@OCC 6.45 9.73 3.28
6. NiP@OCC 5.88 8.86 2.98
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Table 3-2: Electrochemical surface area (ECSA) of various electrodes.
S.No. Electrocatalyst Ca* (uF) ECSA (cm?)
1. NiFeS@OCC 262 6.55
2 NiFeP@OCC 193 4.82
3 NiS@OCC 144 36
4, NiP@OCC 140 35
5 FeS@OCC 130 3.25
6 FeP@OCC 136 34
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Figure 3-11. Photographs of full cell set up for overall water splitting showing hydrogen and
oxygen evolution (a) demonstration of gaseous bubble formation on electrode (d) gaseous
quantification eudiometrically. Chronopotentiometry curves at 10 mA cm? with insets
showing the LSVs of full cells assembled with (b) NiFeS@OCC and (c) NiFeP@OCC at both
the anode and cathode for overall water splitting in 1M KOH.

3-3.3 Catalytic activity towards overall water splitting: Since these catalysts
demonstrated a good bifunctional activity towards OER and HER, an alkaline

water electrolyzer was developed by integrating NiFeS@OCC and NiFeP@OCC
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as both anode and cathode separately in the two compartment cell setup containing
1M KOH electrolyte separated by a Nafion membrane. As shown in Figure 3-11a,
abundant Hz and O2 bubbles on cathode and anode were observed during the full
cell experiments for both NiFeS@OCC and NiFeP@OCC electrodes. The catalytic
activity and durability towards overall water splitting was studied by performing
LSV and chronopotentiometry. As observed in Figure 3-11b-c, NiFeS@OCC and
NiFeP@OCC required only 1.75 V and 1.89 V respectively to reach 10 mA cm™.
Furthermore, durability of both the catalyst was evaluated by applying a constant
current density of 10 mA cmand they exhibited good stability in the time scale of
24 hrs under total water splitting conditions without any significant potential
alteration indicating the great performance of these electrodes to be a promising

bifunctional catalyst along with high flexibility.

3-3.4 Estimation of H2 and O:2 evolved: Finally, the amount of hydrogen and
oxygen formed during the water electrolysis for NiFeS@OCC and NiFeP@OCC
separately was estimated by eudiometric method.® A chronopotentiometric
measurement at a current density of 10 mA cm was performed for one hour and
the amount of gases evolved were collected in two different inverted burettes by
the displacement of vertical water column (Figure 3-10d) and finally the molar
mass of the gas was determined by applying ideal gas approximation. The ratio of
the number of moles of H. and O gas evolved during overall water splitting was
found to be 1.7:1 for NiFeS@OCC and 1.65:1 for NiFeP@OCC respectively.
Additionally, the amount of oxygen and hydrogen gas formed were quantified by
performing chronoamperometry in a half-cell at an overpotential of 400 mV and
300 mV for OER and HER respectively followed by collecting O, and H:
separately via eudiometric method. Turnover frequency (TOF) is a descriptor of
kinetics of reaction i.e. higher TOF specifies the better conversion of the reactants
into the products. The TOFs for NiFeP@OCC were found to be 0.018 and 0.013
st for OER and HER respectively, whereas NiFeS@OCC exhibited a TOF value
of 0.019 s* for the OER and 0.020 s™* for the HER. The observed trend for TOF
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can be correlated with the Tafel slopes for the catalysts as both describe the reaction
kinetics. Both the electrodes NiFeS@OCC and NiFeP@OCC demonstrated an
analogous TOF during OER, whilst the difference is large during HER which is in
accordance with the Tafel slope obtained for catalysts. Henceforth, this study
highlights the potential of self-standing flexible NiFe deposited carbon cloth to be
realized in practice for water electrolyzers.

3-4 Summary

In summary, we have developed a novel, cost-effective and straightforward single
step electroless deposition approach for the fabrication of a highly flexible
electrode by eliminating the use of conventional and highly expensive sensitizers
and activators such as SnCl, and PdClz. Thus developed NiFeS@OCC and
NiFeP@OCC electrodes exhibited excellent OER activity and stability requiring
only 220 mV and 270 mV of overpotential respectively to achieve 10 mA cm™.
These electrode promise to be good bifunctional catalyst due to their ability to
catalyze cathodic HER as well at 223 and 300 mV of overpotential for
NiFeS@OCC and NiFeP@OCC respectively. An alkaline water electrolyzer set up
with these electrodes demonstrated good activity and stability for both catalysts.
The retention of electrocatalytic activity of these electrodes even under various
deformation, along with the simple fabrication procedure, validated the application
of these electrodes for the overall water splitting and will provide a new direction

towards the development of cost-effective and stable flexible electrodes.
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4A-1 Introduction

Hydrogen gas has emerged as a clean and sustainable energy carrier to overcome
the global energy crisis. However, its major production is relying on natural gas
reformation process which accounts for not only fossil fuel depletion but also
carbon emission and thus creating serious environmental issues. In this regard,
electrochemical water splitting is one of the most striking methods for renewable
hydrogen production to bring about energy conversion and storage.*’ In spite of
being a clean and eco-friendly technology, the current commercial technologies for
water electrolysis urge high purity water which in turn hinders the broader
implementation of the water electrolyzers, especially in those area having shortage
of freshwater even for drinking purpose.® The real scenario of the water distribution
constitutes 96.5% of the total water on the earth is seawater whereas the availability
of the non-frozen freshwater is less than 1% only.® Therefore the water purification
system is compulsive either internally incorporated with electrolyser or external
purification plant which raises the overall production cost.!? In this aspect, the
development of water electrolyser, in which low purity water or sea water can be
directly employed as a feedstock can be a good alternative for cost effective and
sustainable exploration of electrolyzers for green Hz production.!! Nevertheless,
the direct seawater splitting has significant drawbacks such as presence of chloride
ion in high concentration which reduces the faradaic efficiency due to competition
with chloride oxidation reaction as well as lifetime of electrolyser can be reduced
by impurities.*? Furthermore, the high concentration of chloride ion in the seawater
feedstock may also result into toxic chlorine gas evolution at anode (Equation 4.1)

in competition to oxygen evolution reaction (OER).
2CIT — Cl2 + 2e E®=1.36vs. SHE, atpH =0 (Equation 4.1)

The thermodynamic potential for chloride oxidation requires only 130 mV more
than that for oxygen evolution reaction and also it is kinetically feasible since it
involves two electrons in comparison to four electrons involved OER (Equation
4.2).
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40H — 02+ 2H0+4e E°=123Vvs.RHEatpH =14
(Equation 4.2)

To overcome this problem, one can perform the sea water splitting in higher pH
(alkaline) conditions so that the equilibrium potential of water oxidation is changed
and simultaneously the thermodynamic window is extended. This is advantageous
for avoiding the chloride oxidation reaction at lower potential values because in
alkaline media, the hypochlorite (ClIO") formation (Equation 4.3) takes place at
higher potentials which is too far from the thermodynamic potential for water

oxidation.!3

Cl'+ 20H — Cl1O" + H20 + 2e E®=172Vvs. RHE at pH =14
(Equation 4.3)

Thus, the development of alkaline water electrolyzer consisting of electrode
material with good activity and high resistivity towards chloride ion corrosion
could be a beneficial approach for the sustainable sea water splitting.}* This
advancement not only demands a good electrocatalyst but the coherent design of
electrode architecture is equally important. Generally, the existing technologies are
relying on application of catalyst slurry (prepared by mixing powder catalyst and
insulating binder) on a rigid current collector which causes hindrance in ion
transport and consequently suffer from loss of overall activity of the catalyst.'®
Therefore, the development of binder free, self-supported three-dimensional
electrode is necessary. Interestingly, the three dimensional flexible electrodes
having good mechanical flexibility and electrocatalytic activity under various
deformation conditions has fascinated tremendously as they can be applied as
bendable and foldable electrodes and can also be adjustable to various reactors
without the loss of active materials.’® In this context, carbon cloth is getting
attraction for flexible energy storage and conversion applications, because of its
improved mechanical strength, low cost and favorable fabrication procedure etc.!’

over the other conventional existing substrates (e.g., metal foil/foam/wire, carbon
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paper etc. & -2 which involve high fabrication cost, structural fragility and loss of

active catalyst during deformation. > 2°

The flexible electrode fabrication with active electrocatalyst is another tedious task
as generally practiced approaches have certain downsides, such as, chemical vapor
deposition technique is expensive and requires harsh conditions, electrodeposition
methods may result in non-uniform coating and hydrothermal process suffers from
uncontrolled deposition over the substrate surface,. 3> 3! In this regard, electroless
deposition can be a better approach for corrosion resistive self-standing flexible
electrode fabrication as it can provide controlled uniform coating of the active
material over the conductive or non-conductive substrate by a chemical reduction
method in a simple and cost-effective manner.3>34 The well-established state of art
electrocatalysts for water splitting are noble metals (Pt, Ru, Ir, etc.) based materials
and their high cost, low abundance and inadequate bifunctional activity prompt the
researchers to search for highly abundant and low cost, non-noble metal-based
catalysts.®>3 Regarding this, NiFe based electrocatalysts mainly their oxides,
oxyhydroxides, phosphides, chalcogenides, borides etc. have been explored as a
promising electrocatalyst for overall water splitting which exhibit good catalytic

activity with excellent stability.4-43

Herein, a facile and cost-effective fabrication strategy has been demonstrated for
the fabrication of the binder free three-dimensional carbon cloth flexible electrode
incorporated with active electrocatalyst NiFeB over oxygen functionalized carbon
cloth, OCC (i.e., NiFeB@OCC) by a simple electroless deposition method. The
prepared electrode provides the three-dimensional scaffold which could enable the
effective mass transport, facilitate the adsorption of reactant species and also inhibit
the gas bubble accumulation over the electrode surface. Moreover, the self-
supported electrode avoids the hindrance of mass transport as well as the loss of
conductivity caused by the use of insulating binder. This electrode demonstrated
the remarkable performance towards OER and HER with an overpotential of 255

and 241 mV respectively to drive 20 mA cm in 1M KOH with excellent stability.
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It also showed a promising electrocatalytic activity towards overall water splitting
by achieving 10 mA cm? at a low cell potential of 1.69 V. The prepared
NiFeB@OCC electrode performs alkaline saline water (1M KOH and 0.5M NacCl)
splitting impressively with similar activity by maintaining long durability.
Particularly, this auspicious electrocatalytic activity of such three dimensional
flexible electrode can attract the researchers towards greener hydrogen production

via saline water electrolysis.
4A-2 Electrode fabrication

4A-2.1 Pre-treatment of carbon cloth: The commercial carbon cloth was treated
with concentrated nitric acid prior to the coating of active electrocatalyst to
generate oxygen groups on the surface of the carbon cloth by following a reported
literature. The surface modified carbon cloth was washed with deionized water
until it gets neutralized and finally dried in a hot air oven at 60 °C. The as-obtained

carbon cloth was designated as OCC.

4A-2.2 Fabrication of NiFeB@OCC: The active electrocatalyst NiFeB was
deposited over carbon cloth by electroless deposition method. First of all, a piece
of OCC (1 cm x 1 cm) was immersed in an ice cold metal-bath solution composed
of 3 mmole of ammonium ferrous sulfate ((NH4)2SO4.FeS04.6H20) and 0.75
mmole of nickel nitrate (NiNO3-6H20) in 30 mL water and sonicated for 1 minute.
Then, the sonicated carbon cloth substrate was dipped into the ice-cold sodium
borohydride solution (10 mmole in 50 mL water) under constant stirring till the
seizing of effervescence. Thereafter, the NiFeB deposited carbon cloth was washed
thoroughly with deionized water and finally with ethanol and kept for drying in hot
air oven at 60 °C. Thus, fabricated carbon cloth electrode is designated as
NiFeB@OCC. The bath composition for electroless deposition was optimized by
varying the molar ratio of Ni and Fe from 1:1 to 4:1 and keeping rest of the
procedure same. In the similar fashion, the control monometallic counterparts i.e.

NiB and FeB were fabricated by taking only the corresponding metallic salt and
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Figure 4A-1 Powder X-ray diffraction pattern (a) comparison of OCC, FeB@OCC,
NiB@OCC and NiFeB@OCC electrodes and (b) zoomed part of the particular range of the
Figure 4A-1a, FE-SEM images of (c) bare OCC, (d) NiFeB@OCC, (¢) HRTEM images of
NiFeB@OCC (inset: SAED pattern).

keeping the rest of the procedure same.
4A-3 Results and discussion

4A-3.1 Physical characterization: The NiFeB@OCC flexible carbon cloth
keeping the rest of the procedure same. electrode was fabricated by electroless
deposition method. Initially the surface of commercially available carbon cloth
was modified with oxygen functional groups by acidic treatment which in turn
facilitate the anchoring of metal ions in the course of electroless deposition.** In
order to incorporate the active electrocatalyst over the flexible substrate a piece (1
cm x 1 cm) of pretreated carbon cloth (OCC) was immersed in an ice cold metal-
ion solution containing ammonium ferrous sulfate and nickel nitrate and
continuously sonicated to adsorb the metallic ions on the surface of the OCC and
finally dipped into the ice-cold sodium borohydride solution. Thereafter, the

prepared electrodes were characterized by powder X-ray diffraction (PXRD), field
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Figure 4A-2. Elemental dot mapping images of (a) all elements and separately for (b) Ni, (c)
Fe, (d) O (e) B and (f) C of NiFeB@OCC electrode.

emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM) and X-ray photoelectron microscopy (XPS) techniques. The
microstructure of the prepared electrodes was analyzed by the PXRD patterns. As
shown in Figures 4A-1(a-b) the OCC exhibits characteristic peaks at 26.5°
corresponding to graphitic carbon whereas the additional broad peak from 42 to 49
corresponding to NiFeB (PDF No.. 01-082-5540) was observed for NiFeB@OCC
and moreover the existance of all peaks associated with FeB@OCC and
NiB@OCC in NiFeB@OCC further validates the formation of NiFeB. The FESEM
image of bare OCC and NiFeB@OCC [Figures 4A-1(c-d)] demonstrated the
uniform deposition of the NiFeB particles over carbon cloth. Additionally, the
structural information was further analyzed with the help of TEM images and
SAED pattern. As shown in Figure 4A-1e, the well dispersed NiFeB particles were
found over the carbon cloth as visualized in the FESEM observations. Similarly,
the corresponding SAED pattern confirmed the amorphous nature of deposited
NiFeB particles (Figure 4A-1le, inset). Moreover, the elemental dot mapping
images evidenced the uniform distribution of all the elements over the scanned area
(Figure 4A-2) and confirmed the successful deposition of NiFeB over the oxygen
functionalized carbon cloth. The chemical state and the composition of the
NiFeB@OCC, were analyzed by (XPS). As shown in the XP survey spectra of the
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Figure 4A-3. (a) XPS survey spectra and deconvoluted XP spectra of (b) Ni 2p, (c) Fe 2p and
(d) B 1s (e) O 1s and (f) C 1s for NiFeB@OCC electrode.

NiFeB@OCC (Figure 4A-3a), the peaks observed at binding energy of 856, 711,
532, 285 and 192 were ascribed to Ni 2p, Fe 2p, Ols, C1s, and B 1s respectively.
The high-resolution Ni 2p XP spectra exhibited two major peaks at 855 and 873
eV corresponding to Ni 2pz and Ni 2p1/> respectively together with their satellite
peaks (Figure 4A-3b), where the deconvoluted peaks at 852 eV and 870 eV
confirmed the existence of NiB along with Ni?*. Similarly, the peaks at 710.5 &
714 eV and 722.5 &727 eV in the deconvoluted high resolution Fe 2p XP spectra
confirmed the presence of Fe in +2 & +3 oxidation states, whereas the peaks at 705
eV and 722 eV evidenced the existence of FeB species (Figure 4A-3c). 46
Additionally, the deconvoluted high resolution B 1s XP spectra (Figure 4A-3d)
demonstrated the peaks at 188.5 and 192 eV which confirmed the existence of M-
B along with BOx whereas the presence of M-O & C-O peaks in deconvoluted O
1s spectra [Figures 4A-3(e-f)] further validated the presence of NiFeB in
NiFeB@OCC. %4

4A-3.2 Electrochemical study towards OER:
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Figure 4A-4. (a) LSV curve for NiFeB@OCC with their control samples and state of art
catalyst RuO, for OER, (b) corresponding Tafel slopes and (c) Nyquist plot for different
electrodes and (d) chronopotentiometric curve recorded at 100 mA cm=2in 1 M KOH, (e) LSV
curves in two different electrolyte system and (f) chronopotentiometric curve recorded at 100
mA cm2in 1 M KOH + 0.5 M NaCl.

Initially, the applicability of the as prepared NiFeB@OCC electrode towards OER
was studied by performing the linear sweep voltammetry (LSV) in 1 M KOH with
a conventional three-electrode configuration. The as prepared NiFeB@OCC
electrode directly employed as a working electrode (WE) without additional
substrate and binder where Pt wire and graphite rod were used as a counter
electrode (CE) during OER and HER study respectively with Hg/HgO/ 1M KOH
as reference electrode (RE). The electrocatalytic activity of the NiFeB@OCC
towards OER was compared with the control electrodes NiB@OCC, FeB@OCC
and commercial benchmark RuO; catalyst by recording linear polarization curve at
a scan rate of 1 mVs™. The NiFeB@OCC exhibited the superior electrocatalytic
activity as it requires only 255 mV overpotential to achieve 20 mA cm=. The
current density further increased on increasing the positive potential and attained a
maximum current density of 275 mA c¢m at 1.90 V vs. RHE whereas the other
control samples viz. NiB@OCC and FeB@OCC required 442 mV and 484 mV of
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overpotential respectively and exhibit inferior current density at higher positive
potential. Also, the commercial benchmark electrocatalyst RuO: requires 320 mV
for 20 mA cm and achieves only 239 mA cm2 at 1.90 V vs. RHE (Figure 4A-4a).
The higher overpotential required to achieve the same current density by
NiB@OCC and FeB@OCC than NiFeB@OCC designates that the synergetic
effect resulted by the optimal combination of Ni:Fe ratio in NiFeB@OCC is
responsible for tunning the electronic density, boosting the electrochemical activity
and accelerating the kinetics of the oxygen evolution reaction.*® The Tafel slope is
a powerful indicator to evaluate the Kkinetics of the electrode reaction as it is
associated with the surface coverage of the adsorbed intermediate species. The
lower Tafel slope of 65 mV dec for NiFeB@OCC than that for NiB@OCC and
FeB@OCC 118 and 149 mV dec? (Figure 4A-4b) respectively evidenced the
boosted  adsorption/desorption  kinetics towards potential  dependent
electrocatalytic reaction. Moreover, it is noteworthy to mention that the as
fabricated NiFeB@OCC electrode is able to show similar electrocatalytic activity
to that of state of art RuO> catalyst in terms of Tafel slope value but outperforms in
terms of overpotential wherein RuO> requires additional 65 mV to achieve 20 mA
cm? of current density than NiFeB@OCC. The substantial difference in the
electrocatalytic activity of the NiFeB@OCC electrode than NiB@OCC and
FeB@OCC electrodes could be due to the varying interfacial charge transfer
kinetics, which was revealed by conducting electrochemical impedance
spectroscopy (EIS). As evident from Figure 4A-4c and Table 4a-1 the lower charge
transfer resistance (Rct) of 3.4 Q clearly indicates the accelerated charge transfer
dynamics at the electrode and electrolyte interface which can be correlated to the
adequate exposure of active sites for reactant species enhancing the
electrochemical activity.*® The higher electrocatalytic activity of the NiFeB@OCC
was thereafter supported by the electrochemical surface area (ECSA). The higher
ECSA of NiFeB@OCC in comparison to NiB@OCC and FeB@OCC (Table 4a-
1) verifies the exposure of more active sites responsible for high electrocatalytic

activity.
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Table 4A-1. Electrochemical Impedance and ECSA analysis for various

electrodes.
S.No. Composites Rs(2) | Ro(®) | Rat() Cal (MF) ECSA (cm?)
1 NiFeB@OCC 3.3 6.7 3.4 32.9 822
2 NiB@OCC 4.5 12.0 7.5 24.9 622
3 FeB@OCC 5.2 15.8 10.6 20.5 512

In addition to the superior electrocatalytic activity the durability of the electrode is
also an imperious parameter for the evaluation of the performance of the
electrocatalyst. In order to evaluate the long-term stability of the electrode under
alkaline environment, chronopotentiometry study was performed at a fixed current
density of 100 mA cm for 24 hours (Figure 4A-4d) and it was found that the
NiFeB@OCC electrode was able to maintain a constant potential response during

the course of stability study without any notable deactivation.

Further, in order to examine the performance of the as fabricated electrode in the
saline water environment, a simulated sea water electrolyte (0.5 M NaCl + 1 M
KOH) was taken in which NiFeB@OCC demonstrated the similar activity as in 1
M KOH towards OER (Figure 4A-4e). The long-term durability of the electrode
under the alkaline saline water was also evaluated by conducting the
chronopotentiometric study. A negligible increment in the potential after 24 h
(Figure 4A-4f) was obtained. The Faradic efficiency (FE) is another significant tool
for the evaluation of the selectivity of the electrochemical reaction. Initially the
amount of oxygen produced was quantified by eudiometric method and compared
with the theoretical value. The estimated FE value (95-98%) in both the electrolyte
solutions further confirmed the selective OER during electrolysis rather than
competition with chloride oxidation (Figure 4A-5a). In order to evaluate the
electrocatalytic activity under the harsh conditions, LSV was performed in 6 M
KOH and 6 M KOH + 0.5 M NaCl electrolytes, where the NiFeEB@OCC showed a

promising activity even under harsh conditions (Figure 4A-5b).

Further, the effect of long-term electrolysis on electrode material was examined

with the help of SEM and XPS techniques. The electrocatalyst coating was well
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Figure 4A-5. (a) Faradic efficiency during OER in two different electrolyte systems (b) LSV
curve for the NiFeB@OCC electrode during OER in 1 M KOH and1 M KOH + 0.5 M NacCl
electrolyte systems (c) SEM image of NiFeB@OCC electrode after stability study, (d) XPS
survey spectra and deconvoluted XP spectra of () Ni 2p and (f) Fe 2p elements for

NiFeB@OCC electrode after stability study.

retained over the substrate surface as observed in SEM image (Figure 4A-5c).
Moreover, the existence of all the elements in XP spectra of the post operated
electrode [Figures 4A-5(d-f)] further evidenced the stability of the electrode.
Moreover, the XP spectra of the Ni 2p and Fe 2p for post OER electrode showed
that there is a shift in binding energy for the Ni 2p3z, and Fe 2pz/, towards higher
binding energy indicating the oxidation of metallic species to higher oxidation state
during OER. Similarly, the increase in area of Fe** and decrease in that of Fe?*
further evidences the oxidation of the part of Fe?* to Fe*". This also demonstrates
the formation of nickel iron oxyhydroxide during the course of the OER. Thus, it
can be concluded that the synergistic role of NiFe is responsible for the enhanced
activity towards OER serving itself as active site.>® 5! Besides the long-term
durability test, the stability for the electrode was examined by performing
chronopotentiometry at different current density ranging from 10 mA cm2 to 50

mA cm in both electrolytes. From Figures 4A-6(a-b), it was evident that the
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Figure 4A-6. Chronopotentiometry at various current densities for NiFeB@OCC in (a) 1 M
KOH, (b) 1 M KOH + 0.5 M NaCl and (c) LSVs of NiFeB@OCC at various bending angles.

electrode revealed an outstanding stability at various current densities and
moreover maintains similar potential even after switching back to lower potential
from higher potential supporting the efficient mass transport as well as mechanical
robustness of the electrode. Additionally, the flexibility of the electrode during the
electrolysis was evaluated by performing the LSV in anodic sweep by bending the
electrode at various angles from 0° to 180°. The as fabricated self-standing
electrode displayed an excellent flexibility and similar electrocatalytic activity at
various bending angles (Figure 4A-6¢) which illustrates the applicability of three

dimensional NiFeB@OCC electrode under various deformation conditions.

4A-3.3 Electrochemical performance towards HER

The excellent OER activity further motivated us to investigate the HER activity
under similar environment. Initially the LSV was recorded by sweeping the
potential from 0 to -0.5V vs. RHE with a scan rate of 1 mVs™. The NiFeB@OCC
demonstrate a sharp increase in current density with an overpotential of 241 mV at
20 mA cm whereas the NiB@OCC and FeB@OCC requires 317 mV and 408 mV
to achieve the same current density which in turn verifies the superior activity of
the NiFeB@OCC over other control electrodes (Figure 4A-7a). The mechanism of
the HER was further studied on the basis of Tafel slope (Figure 4A-7b). The
calculated Tafel slope of 82 mV dec? suggested the involvement of Volmer-
Heyrovsky mechanism during HER where the desorption of H» is the rate
controlling step.>? The electrocatalytic activity of the as fabricated NiFeEB@OCC
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electrode is found to be mediocre in comparison to state of art catalyst Pt/C which
required 102 mV overpotential for 20 mA cm current density and 61 mV dec™
Tafel slope towards HER. Furthermore, the stability of the electrode was evaluated
by chronopotentiometric study at current density 20 mV cm2. The NiFeB@OCC
electrode delivered almost constant electrocatalytic activity for 24 hours (Figure
4A-7 c) revealing the high endurance. The electrode was further analyzed after the
durability test for the identification of the active site. The high-resolution XP

spectra [Figures 4A-7(d-e)] recorded after HER shows the shifting of the peaks
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Figure 4A-7. (a) Linear sweep voltammogram for NiFeB@OCC with other control electrodes
and state of art catalyst Pt/C for HER, (b) corresponding Tafel slopes and (c)
chronopotentiometric curve recorded at 20 mA cm= in 1 M KOH. Deconvoluted XP spectra
for (d) Ni 2p and (e) Fe 2p after durability test during HER.

corresponding to Ni 2pa/, and Fe 2ps2 towards lower binding energy and evidences
the reduction of the metallic species towards lower oxidation state which causes
decrease in surface electron density during which results reduction in the
adsorption free energy with H* and finally promotes HER activity. Thus, the
synergistic contribution of NiFe is responsible for the enhanced activity
towardsHER.>® Moreover, the poor activity of the control electrodes NiB@OCC
and FeB@OCC in comparison to NiFeB@OCC, as evidenced by current response
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Figure 4A-8. (a) LSV curvesat 1 M KOH and 1 M KOH + 0.5 M NaCl electrolyte system, (b)
chronopotentiometric curve recorded in 1 M KOH + 0.5 M NaCl (c) Faradic efficiency in two
different electrolyte system (d) LSV curves at 6 M KOH and 6 M KOH + 0.5 M NaCl
electrolyte system and (e) chronopotentiometric curve in 6 M KOH + 0.5 M NacCl electrolyte
system for NiFeB@OCC during HER.

=}

during HER further supported the role of synergistic effect of NiFe. The activity
and durability of the electrode against the probable chloride corrosion was studied
by performing LSV and chronopotentiometry under the alkaline saline electrolyte.
The achievement of similar electrocatalytic activity and long-term durability
without voltage increment or obvious corrosion (Figures 4A-8(a-b) evidenced its
suitability towards saline water electrolysis. Additionally, the observed 95-98%
Faradic efficiency for the hydrogen evolution reaction in both electrolyte system
validated the low probability of chloride corrosion and suggests its high
competence in different electrolyte solutions (Figure 4A-8c). Similarly, the
electrocatalytic activity under the harsh conditions was studied to evaluate the
feasibility for practical application by performing LSV and chronopotentiometry
in 6 M KOH and 6 M KOH + 0.5 M NaCl electrolytes where the NiFeB@OCC
demonstrated a quite inferior activity (Figure 4A-8d), but good durability (Figure
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Figure 4A-9. LSV curve recorded for a full cell assembled with NiFeB@OCC at both anode
and cathode in (a) 1 M KOH and (b) two different electrolytes. Chronopotentiometry curves at
20 mA cm2in (c) 1 M KOH and (d) 1 M KOH + 0.5 M NaCl. Chronopotentiometry at various
current densities in (¢) 1 M KOH and (f) 1 M KOH + 0.5 M NacCl electrolyte systems for
NiFeB@OCC during overall water splitting.

4A-8e) under the severe conditions also. The increaseed degree of alkalinity and
viscosity of the electrolyte solution caused the high local alkalinity and viscosity
and resulted significant decrease in activity.® Therefore, comparable
electrocatalytic activity and long-term durability of the electrode in the saline
alkaline electrolyte illustrated the suitability of the electrode towards practical
applications. However, the electrocatalytic activity of the NiFeB@OCC was found
to be comparable towards HER but the OER activity was superior in comparison
to state of art catalysts. Consequently, the excellent OER activity with adequate
HER activity proposes it as a promising electrode for the bifunctional
electrocatalyst to carry out saline water splitting.

4A-3.4 Full cell study for overall water/saline water splitting

By considering the promising bifunctional activity of the electrode, full cell study

was carried out by constructing alkaline water elctrolyzer integrated with
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NiFeB@OCC as both anode and cathode in a two-compartment cell portioned by
Nafion membrane. The LSV and chronopotentiometry were performed to evaluate
the activity and durability of the catalyst towards overall water splitting in both 1M
KOH and 0.5 M NaCl + 1 M KOH conditions separately. As observed from Figures
4A-9 (a-b) the NiFeB@OCC required only 1.69 V and 1.72 V to reach 10 mA cm’
2in 1M KOH and 1 M KOH + 0.5 M NaCl environments respectively. Similarly,
the chronopotentiometric curve recorded for current density 20 mA cm illustrated
the good stability without significant increase in potential during the total water
splitting for the time scale of 24 hours [Figures 4A-9(c-d)]. Additionally, the
consistency in the chronopotentiometric response recorded for different current
density ranging from 10 mA cm to 30 mA cm and back to the 10 mA cm in
both electrolytes [Figures 4A-9(e-f)] further supported the excellent mass transport

as well as mechanical robustness of the electrode.
4A-4 Summary

In this study, we have successfully fabricated a self-standing and highly flexible
NiFeB deposited binder free carbon cloth electrode by a cost-effective single step
electroless deposition method, which revel a promising corrosion resistive
bifunctional activity towards overall saline water splitting. The as fabricated
NiFeB@OCC demonstrated the admirable OER performance with excellent
durability even in corrosive environment in which it requires only 255 mV
overpotential to achieve 20 mA cm current density whereas it exhibits moderate
HER activity demanding 241 mV overpotential. The two-electrode based alkaline
water electrolyzer further demonstrated good activity with excellent durability
towards overall water splitting which even achieves comparable activity under
harsh conditions also. Moreover, by maintaining the same electrocatalytic activity
under various deformation conditions verifies that self-standing NiFeB@OCC
bifunctional flexible electrode can be an effective corrosion resistive electrode for
saline water splitting. Therefore, this study can deliver a new insight to develop a
cost-effective corrosion resistive flexible electrode for water splitting.
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Development of cellulose paper based eco-friendly
flexible electrode for overall water splitting in
alkaline and saline solutions
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4B-1 Introduction

The continuously rising energy demand and fossil fuel dependent energy extraction
is leading to not only depletion of its reserves but also creating serious
environmental issues, and therefore, development of renewable and clean energy
as an alternative to traditional fossil fuels is of extreme need.! 2 Hydrogen (H.) is
a potential energy carrier and has received tremendous attraction because of its
unique features viz. high gravimetric energy density (142 MJ Kg™Y), it gives pure
recyclable water as combustion product.®® In this regard, production of hydrogen
gas via electrochemical water splitting powered by renewable and clean energy
sources can be a promising strategy.® Fundamentally, the overall electrochemical
water splitting comprises of anodic oxygen evolution reaction (OER) and cathodic
hydrogen evolution reaction (HER).So, the employment of electrocatalyst is
beneficial to achieve energy efficient water electrolysis by catalysing the
corresponding sluggish half-cell reactions.” 8 Although Ir/Ru- and Pt-based are
well-established state of art electrocatalysts for OER and HER applications but the
low abundance and high cost of these precious metals impede their wide
application.® 1° Therefore, the development of nonprecious-metal based
electrocatalysts is a straight forward and cost-effective approach. Additionally, an
electrocatalyst with good bifunctional activity towards both OER and HER
reactions are more beneficial for practical applications on account of the
advantages of rationalising the devices as well as lowering the cost.!! Besides the
efficient electrocatalyst, the overall electrocatalytic efficiency also relies on the
coherent design of the electrode (i.e.,current collector with catalyst).!? The
conventional electrode fabrication techniques are involving with various pitfalls.
Firstly, in the metal/carbon or any other conductive substrate based current
collector, large mass densities of electrochemically inactive materials (as only outer
layer is sufficient for conductive network) is not only issue for atom economy but
also a challenge for the development of light weight devices.!* * Secondly, surface

passivation of the current collector due to oxidation of metallic substrate limits the
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activity of the electrode.’® Moreover, the waste management of the obsolete end-
of-life product is also of environmental concern.Along with that the common
practice of catalyst ink preparation (mixing catalyst material with insulative
binders) results in hinderance of electrocatalytic activity due to blockage of active
sites by insulating material.*® Similarly, the single side catalyst loaded electrode
also limits the its actual output. Therefore, three dimensional porous electrode filled
with binder free active catalyst material can be a good strategy for the development
of highly efficient light weight eco-friendly electrode. In this regard, cellulose
papers are promising substrate for electrode materials owing to their extensive
availability, light weight, low cost, bio-degradability, recyclability and mechanical
flexibility.!” Owing to the insulating nature of cellulose paper, direct growing of
active electrocatalyst may not be an effective approach so the surface modification
with conductive metal composites is necccesary to induce conductivity to the paper
electrode followed by incorporation of the active electrocatalyst over it for
cellulose paper based electrode development.8-22

Most importantly, the requirement of pure water for electrochemical water splitting
technology is another inhibiting factor towards its flourishment as about 96.5% of
the world’s total water is available as sea water so it is necessary to develop the
water electrolyzer proficient for saline water splitting.?*% But, the crucial
challenges of sea water splitting are the OER competing chloride oxidation anodic
reaction,caused due to chloride ions present in the sea water.? The competing
chloride oxidation reaction can be managed by pH adjustment. At alkaline pH the
hypochlorite formation reaction (CI™ + 20H™ = CIO™ + H20 + 2e—) demands ~480
mV more potential than that for anodic OER.?" 2 Additionally, the chloride
corrosion may poison the electrode material and deteriorate its durability.? ® Thus,
the development of alkaline water electrolyzer consisting of eco- friendly, three-
dimensional flexible electrode having good bifunctional catalytic activity and high
resistivity towards chloride corrosion is necessary to overcome the above-

mentioned bottlenecks.
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Although substantial efforts have been set forth for the development of transition
metal based efficient electrocatalysts for overall water splitting in the pure water
condition, however, applicability in the seawater are still underexplored. Based on
several contemporary reports, the encouraging activity and stability, nickel
phosphide is found to be promising bifunctional electrocatalysts towards overall
seawater splitting.2® 2°33 By considering all these points, cellulose paper based,
three-dimensional, flexible NiP/NiB-CP electrode was developed via two step
electroless deposition followed by electrodeposition approach. This NiP/NiB-CP
electrode possesses excellent bifunctional activity and long-term durability in both
alkaline pure water and seawater electrolytes. The fabricated NiP/NiB-CP electrode
requires overpotentials of only 379 and 178 mV to achieve current density of 100
mA cm for OER and HER respectively. Similarly it requires 1.65 and 1.69 V
potential for overall water/ seawater splitting, to drive current density of 20 mA
cm?in 1 M KOH and 1 M KOH + 0.5 M NaCl electrolytes respectively. In this
context,this work presents a general and cost-effective approach toward the
fabrication NiP decorated cellulose paper based self-standing three-dimensional

flexible electrode for overall water/seawater splitting.
4B-2 Electrode fabrication

4B-2.1 Fabrication of NiB-CP: The conductive metal composite was introduced
to convert cellulose paper to into conductive substrate by using electroless
deposition.3* Briefly, the Whatman filter paper of size 1cm x 1cm was dipped in a
ice cold bath solution (6 mmol NiClz; + 13.5 mmol NH4Cl + 6 mmol trisodium
citrate + 15 mL 1M NaOH solution) and ice cold NaBH4 solution (12 mmol NaBH4
dissolved in 10 mL of 1M NaOH), was poured slowly from the wall of the container
and kept as such till the seizing of effervescence. The NiB coated paper was
sonicated in water and ethanol water (1:1) solution then dried in hot air oven at
60°C.

4B-2.2 Fabrication of NiP/NiB-CP: The active electrocatalyst NiP was deposited
over the NiB-CP surface by electrodeposition method. The as deposited NiB-CP

90



Development of cellulose ....

(a) —NiP/NiB-CP (b) —— NiP/NiB-CP
] S U
& —NiBcP| & W
2 =
0 0 .
c c Ni,P, PDF Card No.: 01-074-1385
ot S 2
= =
= —CP -
_I‘AL T T T T T T T || | I T II 1 1 L
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Figure 4B-1. P-XRD pattern showing the comparison of (a) bare CP, NiB-CP, and NiP/NiB-
CP and (b) NiP/NiB-CP with PDF of Ni,P

was taken as working electrode whereas Ag/AgCI (3M KCI) and graphite rod were
taken as reference and counter electrodes respectively.Then cyclic voltametric
experiments were performed in a bath solution containing (NiSO4 + Na(OAc) +
NaH2PO. + 40 mL water ) at -1.0 to -0.3 V vs. Ag/AgCI for fifteen cycles.After
deposition the paper electrode was cleaned with deionized water and dried in hot
air oven and designated as NiP/NiB-CP. In the similar fashion, the NiO/NiB-CP
electrode was prepared by following the same procedure by eliminating NaH2PO>
in the bath solution.

4B-3 Results and discussion

4B-3.1 Physical characterization: The structural and morphological attributes
were confirmed by powdered X-ray diffraction (PXRD) pattern and FE-SEM
analysis. The PXRD pattern of NiP/NiB-CP [Figures 4B-1(a-b)] show the
crystalline cellulose peaks at 20 value 16°, 17.5°, 23.7" and 35.3°corresponding to
planes (110) (110), (200) and (004) respectively 3> which got diminished with the
appearance of the broad diffraction peak between 40-50° which is attributed to the
anamorphous phase of the as-prepared electrode, that could be due to the coverage
of the substrate surface by nickel phosphide (Ni2P, PDF no. 00-032-0463).The
SEM images of Bare,NiB-CP and NiP/NiB-CP in Figures 4B-2(a-c) showed

coating of NiB over the cellulose paper and deposition of the NiP over the NiB-CP
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Figure 4B-2. SEM images of (a) bare cellulose paper (b) NiB-CP and (c) NiP/NiB-CP
electrodes, (d) FE-SEM image and (e) EDX spectrum of NiP/NiB-CP electrode.

substrate. The sphere like morphology of deposited NiP over NiB/CP was
confirmed from the FE-SEM image (Figure 4B-2d).The presence of Ni, P, and O
elements was confirmed by the EDS spectra (Figure 4B-2e) where the elemental
dot maping images exhibited the uniform distribution of these elements (Figure 4B-
3(a-e).

The surface chemical composition and oxidation states of the NiP/NiB-CP were
investigated by X-ray photoelectron spectroscopy (XPS) analysis. The
characteristic peaks of elemental Ni, P, and B along with that of C and O were
clearly observed in the XP survey spectra of NiP/NiB-CP (Figure 4B-4a). The high-
resolution XP spectra of Ni 2p in NiP/NiB-CP (Figure 4B-4b) exhibited a pair of
Ni 2pz2 and Ni 2p12 peaks at binding energies at around 855.6 and 871.8 eV,
respectively, along with two satellite peaks. The peaks of Ni 2p upon deconvolution
showed set of peaks with binding energy at around 853.1,869 eV and 856.1 & 871
eV corresponding to NiP/NiB and Ni%* respectively.3> 3Similarly, the high
resolution XP spectra of P (Figure 4B-4c), exhibited two peaks at 134.5 eV and
129.5 eV, which are assigned to P-O and Ni-P bonds respectively.3” 3 Furthermore,
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Figure 4B-3. (a) FE-SEM image of selected area for EDS analysis and elemental dot mapping
images for (b) Ni, (c) B, (d) P, and (e) O elements for NiP/NiB-CP electrode.

the appearance of peaks at 187 and 191 eV corresponding to M- B and BOx in the
deconvoluted B 1s spectra (Figure 4B-4d) confirmed the presence of NiB3% 4
whereas the existance of OH~ & O? peaks in the O 1s spectra (Figures 4B-4e)
further evidenced the presence of nickel phosphide/phosphate moieties over the
NiB-CP substrate.*!

4B-3.2 Electrochemical studies: The electrocatalytic activities of the prepared
electrodes were examined using a three-electrode configuration. Wherein,the
prepared electrodes are employed as working electrode along with Hg/HgO (0.1M
NaOH) as reference electrode where Pt-wire (during OER) and graphite (during
HER) were used as counter electrodes. To examine the OER activity, firstly the
linear sweep voltammetry (LSV) curves were recorded between the potential
window 1.0 to 1.9 V vs. RHE with a scan rate of 5 mV s. The LSV curves (Figure
4B-5a) revealed that the NiP/NiB-CP electrode exhibited superior OER activity
compared to NiO/NiB-CP. The NiP/NiB-CP electrode required 379 mV
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Figure 4B-4. The XP spectra for NiP/NiB-CP electrode (a) full survey scan and deconvoluted
spectra of (b) Ni 2p (c) Fe 2p (d) P 2p (e) B 1s and (e) O1s elements.

overpotentials to drive 100 mA cm current density, which was smaller than the
respective values for NiO/NiB-CP (419 mV), indicating a remarkable OER activity
of the NiP/NiB-CP. Further assessment of the intrinsic catalytic activity of these
electrodes were carried out by studying their OER catalytic kinetics with the
corresponding Tafel plots extracted from Figure 4B-5b. As shown in Figure 4B-
5B, the Tafel slope value of NiP/NiB-CP was found to be 71 mV dec, which is
much lower than that of NiP/NiB-CP (97 mV dec™) showing that the introduction
of P resulted in enhanced electrochemical Kkinetic activity. Besides, the
electrochemical impedance spectroscopy (EIS) analysis (Table 4B-1) further
supported the improved kinetics of NiP/NiB-CP as it exhibited a low charge-
transfer resistance (Rct) of =0.31 Q which was much smaller than that of NiO/NiB-
CP (=4.75 Q), that also confirmed the enhanced conductivity of NiP/NiB-CP.%243
Electrochemically active surface area (ECSA) is another crucial parameter to
evaluate the intrinsic surface-area activity of the electrocatalyst. The ECSA is

proportional to the double-layer capacitance (Ca) i.e., higher the Cq value higher
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Figure 4B-5. (a) LSV curve for NiP/NiB-CP with their control samples for OER, (b)
corresponding Tafel slopes and (c) chronopotentiometric curve recorded at 100 mA cm=2in 1
M KOH. (d) Comparison of LSV curves in two different electrolyte systems, (d)
chronopotentiometric curve recorded at 100 mA cmin 1 M KOH + 0.5 M NaCl and (f) Faradic
efficiency in two different electrolyte systems for NiP/NiB-CP electrode during OER.

will be the ECSA and better will be the electrocatalytic activity. As shown in (Table
4B-1), the NiP/NiB-CP exhibited the largest Cai (29.3 mF cm2) compared to other
electrodes i.e., (23.7 mF cm) and (20.5 mF cm) for NiO/NiB-CP and NiB-CP
respectively, implying that a larger electrochemically active area is created by
NiP/NiB-CP electrode (732 cm2) which further supported the enhanced activity of
the NiP/NiB-CP electrode.

Table 4B-1. Electrochemical Impedance and ECSA analysis for various

electrodes.
S.No. Composites Rs () Rp () Ret () Cal (MF) ECSA (cm?)
1 NiP/NiB-CP 4.8 5.11 0.31 29.3 732
2 NiO/NiB-CP 4.70 9.45 4.75 23.7 592
3 NiB-CP 4.65 12.16 7.51 20.5 512

Besides the remarkable electrocatalytic activity the durability of the electrode is

also equally important. In order to evaluate the durability of the NiP/NiB-CP
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Figure 4B-6. (a) FE-SEM image, and deconvoluted XP spectra of () Ni 2p and (f) P 2p and
(d) B 1s elements of NiP/NiB-CP electrode after stability study.

electrode in 1M KOH electrolyte, the chronopotentiometric study was carried out
at 100 mA cm for 24 h (Figure 4B-5c) which showed a negligible elevation in the
potential during the course of the study indicating durability of the electrode.
Further, the electrochemical performance of the electrodes were examined in the
saline water environment, for which a simulated sea water (0.5 M NaCl + 1 M
KOH) was taken as an electrolyte and performed LSV and chronopotentiometry.
The NiP/NiB-CP demonstrated the similar electrochemical activity i.e. nioo= 391
mV, in saline electrolyte as that in 1 M KOH towards oxygen evolution reaction
(Figure 4B-5d). The chronopotentiometric test of the electrodes under the alkaline
saline electrolyte was also recorded for both the NiP/NiB-CP and NiO/NiB-CP
electrodes. The NiP/NiB-CP showed a negligible increment in the potential for 24
hours (Figure 4B-5e) signifying the durability of the NiP/NiB-CP electrode. The
selectivity of the OER in saline water is a crucial issue as chloride oxidation
reaction is the competitive reaction. The selectivity of electrochemical reaction can
be analyzed by determining Faradic efficiency (FE). The oxygen gas evolved
during electrolysis was quantified eudiometrically and compared with the

theoretical value. The FE was estimated within 94-97% in both electrolytic
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solutions (Figure 4B-5f) and verified that oxygen evolution reaction is the only
electrochemical reaction during electrolysis without any competition with chloride
oxidation. Additionally, the effect of prolonged electrolysis on the electrode
material was evaluated by analysing FE-SEM images and XP-spectra of the
electrode recorded after stability study (Figures 4B-6(a-€). The post electrolysis
FE-SEM image of FeP/NiB-CP electrode demonstrated a well-maintained
morphology whereas the disappearance of NiB/NiP peaks and increase in area of
Ni%* peak in Ni 2p spectra was resulted by the oxidation of the species into the Ni?".
All these findings collectively confirmed the durability of the electrode during
electrolysis.

The HER activity of the NiP/NiB-CP, NiO/NiB-CP and NiB-CP electrodes were
studied by recording LSV curves between the potential window 0.0 to 0.5 V vs.
RHE at scan rate of 5 mV s*. The LSV curves (Figure 4B-7a) demonstrated that
the NiP/NiB-CP electrode exhibited superior HER activity and it required only
178 mV overpotential to drive 100 mA cm current density, which was lower than
the respective values for NiO/NiB-CP (216 mV), signifying a remarkable HER
activity. The corresponding Tafel slope for NiP/NiB-CP electrode (69 mV dec™,
Figure 4B-7b) was also found to be smaller than that of NiO/NiB-CP electrode (109
mV dec™) indicating an enhanced electrocatalytic kinetics of NiP/NiB-CP towards
HER. In addition, the superior durability of the NiP/NiB-CP electrode for HER was
evidenced by the almost constant potential response for delivering 100 mA cm
current density (Figure 4B-7c¢) during chronopotentiometric measurement. The
electrochemical activity and stability of the electrode under the probable chloride
corrosion conditions was evaluated by carrying out LSV and chronopotentiometry
study in 1M KOH + 0.5 M NaCl electrolyte. The realization of almost same
electrocatalytic activity i.e. nio0= 196 mV (Figure 4B-7d) evidenced the absence
probable electrode corrosion. The long-term durability of the electrodes was
studied by performing chronopotentiometry at 100 mA cm in alkaline saline
solution. The NiP/NiB-CP electrode demonstrated the constant voltage response
during the course of electrolysis and validated the long-term durability without the
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Figure 4B-7. (a) Linear sweep voltammogram for NiP/NiB-CP with other control electrodes
for HER, (b) corresponding Tafel slopes and (c) chronopotentiometric curve recorded at 100
mA cm2in 1 M KOH. (d) Comparison of LSV curves in two different electrolyte systems, (d)
chronopotentiometric curve recorded at 100 mA cm2in 1 M KOH + 0.5 M NaCl and (f) Faradic
efficiency in two different electrolyte systems for NiP/NiB-CP electrode during HER.

obvious corrosion (Figure 4B-7e) and suggested the suitability of the NiP/NiB-CP
electrode towards saline water electrolysis. Moreover, the electrode achieved the
Faradic efficiency 95-98% for the hydrogen evolution reaction in both alkaline and
saline alkaline electrolyte further confirmed that there are less chances of chloride
corrosion suggesting its high competency in various electrolyte solutions (NiP/NiB-
CP). The overall water/saline water splitting performance was studied by
employing the prepared electrode both as cathode and anode for two-electrode cell
assembly separated by Nafion membrane as water electrolyzer.The electrocatalytic
activity and stability were evaluated by performing LSV and chronopotentiometry
studies in both 1M KOH and 0.5 M NaCl + 1 M KOH electrolytes separately. The
NiP/NiB-CP required only 1.65 V and 1.69 V to drive 20 mA cm in 1M KOH and
0.5 M NaCl + 1 M KOH electrolytes respectively (Figure 4B-8a). Additionally, the
almost constant potential response for the time scale of 24 h during

chronopotentiometric study recorded at 20 mA cm current density (Figure 4B-8b)
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Figure 4B-8. (a) LSV curve recorded for a full cell assembled with NiP/NiB-CP at both anode
and cathode in two different electrolytes. (b) Chronopotentiometry curve at 20 mA c¢m and
(c) chronopotentiometry curves at various current densities for NiP/NiB-CP electrode in 1 M

KOH during overall water splitting.

illustrated the good durability of the NiP/NiB-CP electrode during the overall water
splitting. Furthermore, the consistency in the potential response during the
chronopotentiometric study (Figures 4B-8c) for different current density (from 10
mA cm? to 30 mA cm and back to the 10 mA cm? ) further evidenced the

robustness of the electrode.

4B-4 Summary

A novel and straight forward strategy was introduced to prepare the cellulose paper
based three dimensional flexible NiP/NiB-CP as an efficient bifunctional electrode
for alkaline overall water/saline water splitting which exhibited a remarkable
electrocatalytic activity with high electronic kinetics and enhanced conductivity.
Furthermore, its enhanced stability and corrosion resistance ability confirmed its
suitability towards overall seawater splitting. The NiP/NiB-CP requires 379 & 391
mV overpotential during OER and 178 & 196 mV during HER to drive 100 mA
cm?2in1 M KOH and 1 M KOH+ 0.5M NaCl electrolyte whereas it demands 1.65
& 1.69 V potential to achieve 20 mA cm current density during overall water and
saline water splitting respectively. Hence,this study opens a new avenue for the
development of biodegradable cellulose paper based ecofriendly,flexible NiP/NiB-
CP electrode as cost effective and straight forward approach for efficient hydrogen

and stable production via water/saline water splitting.
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5A-1 Introduction

Fulfilling the world’s energy demand by maintaining clean environment will be
one of the arduous tasks for upcoming decades.'® The electrochemical energy
conversion and storage is booming attractively to meet the demand of sustainable
energy and environment.*’ In addition to augmented energy demand, the
incessantly increasing world’s population also stresses for the high fertilizer
production to provide the basis of nutrition. Therefore the synthesis of NH3 is of
huge significance, since it is a prime constituent of fertilizers as well as a novel
green H. storage material.® But the commercial production of ammonia highly
relies on Haber-Bosch process which has several disadvantages viz. requirement of
harsh operating conditions, consumption of 2-3% of world’s energy and
responsible for the more than 2% of global CO2 emissions.® Among various
existing technologies the electrochemical nitrogen reduction has received a
tremendous attraction for ammonia production with minimum energy consumption
and reduced carbon footprint, as the ammonia can be produced by using water as
the hydrogen source under ambient conditions but requires a power source.*® On
the other hand, rechargeable metal air batteries are emerging as a potential
candidate for energy storage systems owing to their high energy density and
straightforward fabrication procedure.!l 2 The potentiality of these above
mentioned technologies relies upon three important electrochemical reactions with
sluggish kinetics i.e. nitrogen reduction (NRR), oxygen evolution (OER) and
oxygen reduction reaction (ORR) which determine the overall efficiency of the
system. Therefore, the development of an electrode with trifunctional activity
towards these electrochemical reactions is crucial.

Besides other factors, the activity of electrocatalyst also depends on the electrode
architecture. Electrodes are commonly fabricated by coating the catalyst ink
(prepared by mixing with insulating binders) over the current collector like glassy
carbon or other conductive and rigid substrates which suffers with many drawbacks

including the loss of electrocatalyst during electrochemical reactions, blockage of
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active sites of the catalyst by insulating binder and so on, consequently the overall
efficiency will be compromised.*® * In this regard self-standing three dimensional
flexible electrode with active catalyst grown over its surface can ensure the
enhanced electrochemical activity with proper utilization of catalyst. Additionally,
the flexible electrodes can demonstrate device friendly opportunity for any kind of
reactor as well as portable and foldable electronics due to their stability under
various mechanical deformations without alteration in the electrocatalytic
activity.®>7 Therefore, the development of durable, cost effective and eco-friendly
flexible electrodes showing multifunctional activity is the need of the hour.

Although numerous conductive substrates like metallic wire,'® 1 foam? and foils?
(mainly nickel, titanium and iron), carbon cloth/paper?* 2 etc. have been explored
with satisfactory conductivity but they also have some limitations such as poor
flexibility, high cost, heaviness and fragility.?*2° Besides, the non-biodegradability
nature of these substrates may adversely affect the environment.?® To overcome
these issues bio-based materials such as cellulose paper (CP) can be a good
alternative as a cost-effective and biodegradable substrate.?” But the biggest hurdle
for its exploration as an electrode material is the absence of conductive pathway
for the electric circuit because of its insulating nature.?® 2° In this regard, the surface
modification of cellulose paper with conductive metal composites is an effective
route to induce conductivity, where the hydroxyl groups of cellulose can act as
anchoring sites for the metal ions.?” 3 3! Various techniques such as solvent free
drawing,®? bar coating,® screen printing,® flow directed filtration,*® soak and
drying,® sputtering techniques,®” and the electroless plating method® are common
for the conversion of insulating cellulose paper into conductive substrate. Amongst
them, electroless deposition method stands out as the economical way to achieve
uniform coating along its less hardous nature and time efficiency.3® Recently
Saharabuddhe et al.*° reported the conversion of cellulose paper into conductive
Ni-paper via. electroless deposition method by following sensitization-activation
deposition route in which the use of the noble metal based PdCI> and SnCl; hikes

the overall fabrication cost. In the similar fashion, Hao et al.** demonstrated an
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alternate-dipping activation strategy to develop paper electrode, but the
shortcomings such as involvement of expensive DMAB (dimethylamino borane)
as a reducing agent, longer deposition time, single side deposition and high loading
of material demands for a rapid and straight forward route to fabricate three
dimensional (3D) paper electrode for practical applications.

The incorporation of well-structured electrocatalyst with distinct morphology over
the conductive 3D-paper substrate can be a good strategy for designing the eco-
friendly and efficient electrode. Therefore, the development of a précised process
that can integrate both conductive material and active catalyst onto the flexible
cellulose paper with optimal loading and controlled morphology is crucial for
practical applications. Herein a cost effective and straightforward approach has
been developed to convert an insulating cellulose paper into a conductive substrate
via electroless deposition followed by incorporation of the active electrocatalyst
over the same via electrodeposition method. A non-conductive cellulose paper was
converted to nickel boride (NiB) coated conductive substrate by electroless
deposition over which active catalyst FesO4 was decorated by electrodeposition. It
is noteworthy to mention that the FesO4 was chosen as an active catalyst for the
electrode fabrication because of the active nature of Fe and its oxides towards
NRR.*> 4 Furthermore, metal oxides having porous structure with controlled
morphology is beneficial to facilitate the mass transport by exposure of maximum
number of active sites and results improved activity. Thus, the fabricated electrode
demonstrates promising NRR activity and long-term stability as well. Additionally,
the oxygen bifunctional activity was also studied to assemble a Zn-O2 battery
equipped with the designed electrode as air-cathode. Remarkably, its practical
applicability was confirmed by Zn-air battery and electrochemical nitrogen
reduction performance using same battery as a power source. These exciting
activities and the straightforward fabrication strategy may act as a milestone in the
development of cost effective and eco-friendly flexible electrode towards
electrochemical energy conversion and storage as well as other electrochemical

applications.
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5A-2 Electrode fabrication

5A-2.1 Fabrication of NiB-CP: Laboratory Whatman filter paper was cleaned
with acetone by sonicating it for five minutes then washed thoroughly with
deionised water and dried in oven at 60° C. The clean cellulose paper (1cm x 1cm)
was dipped in ice cold bath solution (prepared by dissolving 6 mmol NiCl,, 13.5
mmol NH4Cl and 6 mmol trisodium citrate in 15 mL 1M NaOH solution) and ice
cooled NaBHa solution (12 mmol NaBHs4 dissolved in 10 mL 1M NaOH) was
added dropwise from the wall of the container and kept as such till the seizing of
effervescence. Then the Ni-B coated paper was sonicated in water followed by
ethanol then dried in hot air oven at 60 °C.

5A-2.2 Fabrication of FesOs-T@NIiB-CP. The as fabricated NiB-CP was taken
as working electrode for the deposition of active material FesOs over it. The
electrodeposition was carried out in a hot bath solution (prepared by dissolving 4.5
mmol ferric nitrate and 5 mmol triethanolamine in 50 mL of 2M NaOH) by
performing chronoamperometry at -1.1 V vs. Ag/AgCl with graphite rod as a
counter electrode. The bath temperature was optimized by performing the
electrodeposition at 60-80 °C for the fabrication of Fe3Os-T/NiB-CP by keeping
rest of the conditions as it is. Thus deposited Fe3Os-T/NiB-CP was washed with
dilute KOH followed by deionized water and then finally dried in hot air oven at
60 °C.

5A-3 Results and discussion

5A-3.1 Physical characterization: The FesO4-T/NiB-CP electrodes were prepared
by a two-step fabrication approach. Firstly, the conductive NiB nanoparticles were
coated over the non-conductive cellulose paper to make it conductive by a
controlled electroless deposition method. The deposition of metallic species over
cellulose paper became advantageous due to the presence of ample -OH functional
sites which provided the anchoring of precursors during electroless deposition. The
scanning electron microscopy (SEM) image of bare CP (Figure 5A-1a) showed a

smooth surface with well-defined interconnected cellulose fibres of ~20 um width
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Figure 5A-1. SEM images of (a) bare cellulose paper, (b) NiB deposited cellulose paper and
(c) TEM and TEM elemental dot mapping images for (d) all elements and separately for (e)
Ni, (f) B, (g) O and (h) C elements of NiB-CP electrode and (i) HRTEM images of NiB
depoited cellulose paper.

whereas a uniform coating of NiB nanoparticles over CP was observed after
electroless deposition (Figure 5A-1b) which was further supported by the
transmission electron microscopy (TEM) images (Figure 5A-1c) and the elemental
dot mapping images [Figures 5A-1(d-h)]. The high-resolution transmission
electron microscopy (HRTEM) images in (Figure 5A-1i) exhibited the d-spacing
of 0.20 nm corresponding to (111) plane of Ni.*

(c)

Figure 5A-2. Photograph of lighting LED (a) directly by multimeter, (b) through NiB-CP
and (c) photograph of light off LED after disconnection. (Inset: zoomed part of the LED bulb).

Most importantly, the conductivity of the NiB-CP electrode is demonstrated by
illuminating a light emitting diode (LED) of 2.0 V with the assistance of multi-
meter (Figure 5A-2). That further designated the competence of NiB-CP electrode

to be applied for electrochemical applications. The electrical conductivity of NiB-
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Figure 5A-3. SEM images of (a) Fe304-60/NiB-CP (b) Fe304-70/NiB-CP and (c) FesOs-
80/NiB-CP electrodes, (d) FE-SEM, (e) TEM and (f) HRTEM images of Fes04-70/NiB-CP
electrode.

CP electrode was measured by four-point probe method* and it was found to be
4.15 S cm™ whereas the bare CP was non-conductive. Secondly, the NiB-CP was
subjected to electrodeposition to decorate active catalyst FesOa4 over its surface to
establish it as a trifunctional electrode. To achieve a high trifunctional activity the
fabrication of Fe3Os-T/NiB-CP were optimized by varying the bath temperature
between 60-80 "C (T) during the electrodeposition of FesO4and keeping rest of the
conditions as such. The SEM images of Fe304-60/70/80 deposited over NiB-CP
are shown in Figures 5A-3(a-c). The less and uneven deposition of FesO4
nanoparticles were found when bath temperature was kept at 60 ‘C whereas
agglomeration of the nanoparticles were observed when the bath temperature was
changed to 80 "C. On the other hand, optimal and uniform deposition was witnessed
in Fe304-70/NiB-CP, which exhibited a uniform array of nanospheres composed of
thin nanosheets, as evidenced by field-emission-scanning electron microscopy (FE-
SEM) image in Figure 5A-3d. Particularly, the homogeneously distributed FesO4
nanospheres at the surface demonstrated the presence of efficacious active sites for
facile electron and mass transfer. This was further supported by the subsequent
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Figure 5A-4. (a) Scanned area for elemental dot mapping images of (b) all elements and
separately for (c) Ni, (d) Fe (e) B, (f) Cand (g) O of Fes04-70/NiB-CP electrode.

TEM images and well resolved lattice fringes [Figures 5A-3(e-f)] exhibiting the
presence of FesO4 having d-spacing of 0.26 nm corresponding to (311) plane®
along with NiB. In order to identify the composition and distribution of Ni, Fe, C,
and O elements in the Fe3O4-70/NiB-CP electrode, energy dispersive X-ray (EDX)
analysis was acquired, which evidenced the presence of Ni, Fe, C and O with an
atomic percentage of 46.5, 3.38, 20.29 and 19.89 respectively, which was in close
agreement with the MP-AES analysis results (Table 5A-1). Further, the elemental
dot mapping added to the confirmation of the homogeneous distribution of these
elements over the scanned area (Figure 5A-4).

Table 5A-1. Elemental analysis of Fe3sO4-70/NiB-CP electrode.

S.No. Elements EDS Analysis (mass %) MP-AES Analysis (mass %)
1. Nickel 46.5 45.64
2. Iron 3.38 5.27
3. Carbon 20.29 -
4. Oxygen 19.89

The chemical composition and oxidation states of each element present in FezOs-
70/NiB-CP electrode were executed by X-ray photoelectron spectroscopy (XPS)
and powder X-ray diffraction (P-XRD) analysis. The XPS survey spectra
demonstrated the successful deposition of the desired metals over the substrate
surface (Figure 5A-5a). The Ni 2p high resolution XP spectrum demonstrated two
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Figure 5A-5. The XP spectra of FesO4-70/NiB-CP (a) full survey scan and deconvoluted
spectra of (b) Ni 2p (c) B s (d) Fe 2p and (e) O1s.

main peaks at 855.4 and 872.9 eV which were assigned to Ni 2ps2 and Ni 2p1»
spin-orbit states in addition to the corresponding satellite peaks at 861.4 and 879.1
eV. The deconvoluted XP spectra of Ni 2ps/2 exhibited two peaks at 852.2 eV and
855.4 eV which were attributed to the NiB* and Ni*? respectively*! *® (Figure
5A-5b). The existence of corresponding M- B and BOx peaks at 189 and 192 eV in
the deconvoluted B 1s spectra (Figure 5A-5c) further supported the presence of
NiB.* % Similarly the high-resolution Fe 2p spectra (Figure 5A-5d), exhibited two
major peaks at 711.2 and 723.4 eV corresponding to Fe 2psz» and Fe 2pi»
respectively which upon deconvolution exhibited peaks at 710.3 eV, 713.6 eV,
723.1 eV and 724.8 eV which were ascribed to +2 and +3 oxidation states of Fe
confirming the presence of Fes04°* and this was further supported by the observed
peaks at 532 eV and 530.9 eV corresponding to C-O and Fe-O respectively in the
deconvoluted O 1s spectrum (Figure 5A-5e). The characteristic powder X-ray
diffraction (P-XRD) pattern of bare cellulose paper (CP), NiB-CP and FesOq-
T/NiB-CP are displayed in Figure 5A-6. The deposition of NiB nanoparticles over
bare CP surface was validated by the presence of additional broad diffraction peak
at 20 = 45" matching well with amorphous NiB phase (JCPDS card no.: 01-074-
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Figure 5A-6. The P-XRD pattern of (a) bare CP, NiB-CP, and Fe304-70/NiB-CP and (b)
Fe304-60/NiB-CP, Fe304-70/NiB-CP and Fe304-80/NiB-CP electrodes.

1207). Additionally, the increment in the intensity of peaks at 14°, 23" and 16.5" in
NiB-CP corresponded to a-Ni(OH)., and B-Ni(OH). phase respectively, which
could be due to the partial surface oxidation.*° The appearance of the peaks at 30.3’,
35.7°, 37.9°, 46.8°, 48.5° corresponding to (220), (311), (222), (331) and (420)
planes of FesO4 (JCPDS card no.:01-079-0416 and 01-084-2782) in addition to
NiB phase in Fe30s-T/NiB-CP composite evidenced the successful deposition of
Fez04 over NiB-CP surface.

5A-3.2 Electrochemical N2 reduction reaction: The potential application of as-
fabricated electrode towards NRR under ambient conditions was studied in 0.1 M
KOH by using a gas tight two compartment H-cell separated by a Nafion membrane
(N-117). Firstly, linear sweep voltammetry (LSV) was executed under Ar and N2
atmosphere [Figures 5A-7(a-b)] for NiB-CP as well as Fez0s-70/NiB-CP
electrodes within the potential range 0.3 to -0.6 V vs. RHE. A drastic increase in
reduction current was witnessed for the FezO4-70/NiB-CP electrode at around -
0.05 V in N2-atmosphere with comparatively positive onset potential of 0.15 V than
that observed in Ar-atmosphere (-0.2 V vs. RHE), which was exclusively attributed
to HER. The adsorption of dinitrogen could be observed at a relatively lower
reduction potential owing to the good adsorption tendency of FezO4 for nitrogen
molecule which leads to the increase in cathodic current at -0.05 V (vs. RHE)
itself.>2 The reason behind the increase in cathodic current density at high reduction

potential in presence of Ar was attributed to HER since at a high reduction
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Figure 5A-7. LSV curves in Ar- and N-saturated electrolyte solution for (a) NiB-CP and (b)
Fes04-70/NiB-CP, (c) chronoamperometric curves of Fe304-70/NiB-CP for different
potentials, (d) corresponding UV-Vis spectrum for of the electrolyte samples after
chronoamperometry (e) Faradaic efficiency and NHs production yield rates at different
potentials obtained by FesO4-70/NiB-CP. (f) bar graph comparision of NH3 yield after NRR
by Fe304-70/NiB-CP at -0.1 V (vs. RHE) by different quantification methods.

potential, the low valance oxides can be formed at the surface of the electrode, so
the adsorption of hydroxyl ion becomes more favourable as a result the HER
becomes much more pronounced.>® On the other hand, the NiB-CP showed
comparatively lesser dinitrogen reduction. The observed net current density value
of 0.024 mA cm? at -0.1 V vs. RHE for NRR (jar-jn.) imply the good
electrocatalytic activity of FesOs-70/NiB-CP for effectual reduction of N> under
ambient conditions. Afterwards, the quantitative NH3 analysis was carried out by
taking the electrolyte solution after performing chronoamperometry at different
potentials (Figure 5A-7c), where NHz and N2Hs were examined as possible
products. In this study, NHs was found a selective product of the nitrogen reduction
reaction without any traces of N2H4 when quantified by indophenol blue (Figure
5A-7d) and Watt Chrisp method respectively.> The NHs production yield rates and

Faradaic efficiencies at different potentials are shown in Figure 5A-7e.
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Figure 5A-8. (a) Comparison of NRR activity between FesO4-T/NiB-CP electrodes, (b)
chronoamperometric curves for five different cycles, (c) chronoamperometric curves of Fe304-
70/NiB-CP in N saturated electrolyte at -0.1 V vs. RHE, (d) SEM image of Fes04-70/NiB-CP
electrode after stability study during NRR, (e) Diffraction pattern of Fes0s-70/NiB-CP
electrode before and after stability study during NRR and and (f) corresponding F.E., NH3 yield
rates during cycling stability tests of 10 h for Fe;04-70/NiB-CP electrodes.

Remarkably, Fe30s-70/NiB-CP attained the maximum F.E. (4.32%) and yield rate
(245 pg h* mgear?) at -0.1 V vs. RHE, after which a decreasing pattern was
observed. The obtained maximum vyield rate by Fe30s-70/NiB-CP was further
supported by another quantitative method viz. Nessler’s reagent method (Figure
5A-7f) i.e., the NH3 yield rate determined from Nessler’s test (234 pg h™t mgcar™)
was in accordance with that obtained from Indophenol blue method, and pointing
towards the reliability of NH3 yield rate. Remarkably, a high turnover frequency
(TOF) value of 0.83 h* was perceived at a potential of -0.1 V for the nitrogen
reduction by FesOs-70/NiB-CP electrode. In contrast, the catalytic activity of
Fe304-60/NiB-CP and Fe304-80/NiB-CP electrodes towards N2 reduction was
found to be inferior than Fe304-70/NiB-CP (Figure 5A-8a). The improved porous
structure with the integration of active component became beneficial for the
exposure of catalytic active sites in Fe304-70/NiB-CP and hence enhanced the
masstransfer during NRR.%® In addition to the high activity of FesO4-70/NiB-CP
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Figure 5A-9. (a) Image of H-cell setup prior to NRR measurements for purification of gas-
streams passing through KMnO4 and acid trap, (b) UV-vis spectrum for the electrolytes
collected after chronoamperometric measurement of Fez04-70/NiB-CP and NiB-CP at various
conditions in 0.1 M KOH electrolyte, (c) *H NMR spectra of electrolyte after electroreduction
under 4 N2, Ar and *°N; feeding.

electrode, it can retain the NRR activity even after 10 h of successive cycles (Figure
5A-8b). Moreover, a stable current response even after 24 h of NRR (Figure 5A-
8c) was observed without any significant variation in the deposition and structural
composition of Fe30s-70/NiB-CP, pointing towards the robustness of the electrode
[Figures 5A-8(d-e)]. The high stability of FesO4-70/NiB-CP during NRR in No-
saturated 0.1 M KOH was confirmed by negligible change in the faradic efficiency
as well as yield rate even after continuous cycling for 10 hours (Figure 5A-8f). It
can be stated that the nitrogen molecule can easily adsorb over the surface of the
FesO4 and the electron deficient BO? species present in the NiB induces the strong
electron effect which further benefit N2 binding and minimizing high energy barrier
for NH3 formation and desorption.%® 7

Further, a series of control experiments were performed to confirm the thus
obtained NHszwas completely from the electrochemical NRR process and not from
any impurities which may be present in electrolyte as well as feeding gas. The

feeding nitrogen gas was passed through the purification setup containing KMnO4
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and H2SOq4 trap (Figure 5A-9a) to eliminate any trace N-containing impurities prior
to NRR measurement.®  The possible NO3/NO," contaminants in the electrolyte
which might overestimate NHs production were ruled out by following the
spectrophotometric method where dissolved NO3s/NOz" species in the electrolyte
were not observed. Moreover, when the electrolysis was performed in Ar-saturated
electrolyte (Figure 5A-9b), no NHs production was observed. These outcomes
confirmed that the NH3 production during electrolysis was only due to NRR by the
developed electrode and not by any N-containing impurities present in the system.
Additionally, the isotopic labelling experiments were carried out by using **N2 and
>N gas supply in 0.1 M KOH electrolyte to validate a reliable and true NH3
production. For this, the chronoamperometry measurements for two hours at -0.1
V (vs. RHE) were performed by taking FesOs-70/NiB-CP electrode in N, and
1°N,-purged electrolyte and the electrolyte was analysed by *H NMR spectroscopy.
The *H NMR spectra (Figure 5A-9¢) demonstrated characteristic triplet and doublet
for *NH4* and *®NH," respectively. These results lead to an inference that FesOa-
70/NiB-CP exhibited an appreciable activity towards NRR for ammonia synthesis
under ambient conditions

5A-3.3 Oxygen bifunctional activity

After assessing the ability of Fes04-70/NiB-CP towards NRR, we scrutinized the
oxygen bifunctional activity of the same to be applied as an air cathode in Zn-air
batteries. Firstly, the oxygen evolution reaction (OER) activity of FezOs-T/NiB-CP
electrodes were studied in 1 M KOH by using Hg/HgO/1M NaOH as the reference
electrode and Pt wire as the counter electrode. The LSV curves for the bare NiB-
CP, Fe304-60/NiB-CP and Fe304-80/NiB-CP catalysts were shown in Figure 5A-
10a. Amazingly, the Fe3Os-70/NiB-CP electrode exhibited the initialization of
OER at around 1.41 V (overpotential 180 mV) to deliver 10 mA cm which is
lower than NiB-CP, Fe304-60/NiB-CP and Fe30s-80/NiB-CP electrodes and even
less than commercial RuO catalyst (1.52 V). Besides, a three-fold increase in

current density value (at low potential i.e., 1.55 V vs. RHE) further described its
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Figure 5A-10. (a) Linear sweep voltammograms (iR-corrected) for FesO4-T/NiB-CP, NiB-CP
and RuO; in 1M KOH electrolyte solution at 10 mV s, (b) Tafel plots of different electrodes,
(c) EIS spectra for different electrodes, (d) chronopotentiometric test for 24 h and (e)
sequential chronopotentiometric measurement at different current densities for FesO4-70/NiB-

CP electrode.

better activity surpassing the benchmark RuO> catalyst and comparable to one of
the most active NiFe-LDH catalyst for OER at similar potential value.>” The
superior activity of the FesO4-70/NiB-CP electrode was further supported by the
Tafel slope analysis as it is often regarded as an indicator of reaction kinetics, where
the lower slope values specifies a facilitated kinetics. As shown in Figure 5A-10b,
the Tafel slope of Fe304-70/NiB-CP was found to be 79 mV dec which was
comparatively much lower than other electrodes such as: NiB-CP (283 mV dec™),
Fe304-60/NiB-CP (131 mV dec) and Fe304-80/NiB-CP (162 mV dec) and it was
even comparable to that of state-of-art RuO; catalyst (68 mV dec?). These
outcomes remark the excellent performance of Fez0s-70/NiB-CP electrode
towards OER, imitating it as one of the best flexible electrodes reported to date.

In order to understand the roots of this high electrochemical activity towards OER,

the charge-transfer resistance (Rct) and electrochemical surface area (ECSA) were
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Figure 5A-11. Deconvoluted XPS spectra for (a) Ni 2p, (b) Fe 2p and (c) SEM image of FesOa-
70/NiB-CP electrode after OER stability tests.

measured by means of electrochemical impedance spectroscopy (EIS) and a cyclic
voltammetry (CV) method.>® The ECSA value was determined to be 78.75 cm? for
Fe304-70/NiB-CP electrode which was found higher than that of Fe304-60/NiB-CP
(55.25 cm?) and Fe304-80/NiB-CP (34 cm?), as presented in Table 5A-2. This
displayed the role of uniform deposition of FesOs over substrate surface, which
consequences in plenty of active sites during electrochemical oxygen evolution
reaction. The under-deposited nanoparticles in Fe304-60/NiB-CP led to less
availability of active sites whilst the over-deposited aggregated nanoparticles in
Fe304-80/NiB-CP caused blocking of the active sites and lowered the same and this
was responsible for the inferior electrochemical performance as compared to the
catalyst prepared at bath temperature of 70°C with uniform and optimal deposition.
Similarly, the Nyquist plots demonstrated a typical semi-circle, with the highest
charge transfer resistance (Rct) value of 85 Q for NiB-CP. The decrease in Ret value
with the introduction of FesOs over the NiB-CP, signified that the Fe3Os
nanoparticles promoted the transmission of electrons (Figure 5A-10c). The Ret
value among FesO04/NiB-CP electrodes followed the order Fe304-70/NiB-CP <
Fe304-60/NiB-CP < Fe304-80/NiB-CP, which indicated the improved kinetics of
Fe304-70/NiB-CP than other composite electrodes (Table 5A-2). Thus, the boosted
performance could be attributed to the improved intrinsic activity via synergistic

effect as well as the interfacial coupling between FesO4 and NiB as evidenced by

low overpotential, high current density, high ECSA and low R values.®® Besides
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the remarkable OER activity the stability is another key parameter to evaluate the
performance of electrodes. The long-term chronopotentiometric tests at 10 mA cm’
2. demonstrated that the stable potential response at almost identical value

Table 5A-2. Electrochemical Impedance and ECSA analysis for various

electrodes
S.No. Composites Rs(Q2) | Rp(Q) Rt () | Ca(mF)@ 1.24 | ECSA
V vs. RHE (cm?)
1 Fe304-60/NiB-CP 6 34 28 2.21 55.25
2 Fe304-70/NiB-CP 7 27 20 3.15 78.75
3 Fe304-80/NiB-CP 5 67 62 1.36 34

during continuous 24 hours measurement (Figure 5A-10d). Additionally, the
sequential chronopotentiometric analysis was carried out at different current
densities where a stable potential response for a designated time-period was
observed as well as restoration of the potential was found when the applied current
density was jumped back to initial value (Figure 5A-10e). Furthermore, the XPS
analysis of electrode after long term electrolysis were shown in Figure 5A-11a &
b. The diminishing of NiB peak and appearance of additional Ni3+ peak in the
deconvoluted Ni 2p spectra with the positive shifting of binding energy value for
2p3/2 and 2p1/2 peaks indicated the formation of NiOOH and this was further
supported by existence of O2- peak in the deconvoluted O 1s spectra. Similarly, a
positive shifting of binding energy value by -0.5 eV in comparison to as fabricated
electrode was observed for 2ps;2 and 2py2 peaks in the high-resolution XP spectra
of Fe 2p of Fes0s-70/NiB-CP after OER analysis. These positive shifting of
characteristic peaks corresponding to Fe 2pz. and Ni 2ps» demonstrated the
formation of metal oxyhydroxide®® 62 which was the indication of the probable
electron/charge transfer®® during the electrolysis. Moreover, the retention of
uniform deposition over the NiB-CP was detected on the post electrolysis FesOs-
70/NiB-CP electrode as evidenced by the SEM image (Figure 5A-11c), exhibiting
the long-term durability of the electrode during OER in alkaline media.

In order to evaluate the inherent activity of paper electrode for practical
applications, LSVs measurements under OER potential window were taken at
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Figure 5A-12. (a) OER performance of FesO4-70/NiB-CP under various bending deformation
states. (b) cyclic voltammogram for Fes04-70/NiB-CP, (c) LSV polarization curves for
different electrodes towards ORR at 25 mV s of sweep rate at 0 rpom and (d) Stability test for
20 h during ORR by Fe304-70/NiB-CP electrode.

different bending angles. The Figure 5A-12a illustrated the almost similar current
density as well as overpotential of FesO4-70/Ni-CP towards OER, affirming the
actual practice of the same even under deformation states. To evaluate the
bifunctional oxygen activity, we studied the potential ability of electrode towards
oxygen reduction reaction (ORR) in 1 M KOH. The ORR activity of FezOs-
70/NiB-CP was firstly compared with FesO4-60/NiB-CP and Fe304-80/NiB-CP by
performing cyclic voltammetry and linear sweep voltammetry. Figures 5A-12(b-c)
displayed a distinct reduction peak at 0.70 V vs. RHE for Fe304-70/NiB-CP with
most positive potential, which highlighted the superior ORR activity over other
Fe304-60/NiB-CP and Fe304-80/NiB-CP by showing a high value of onset
potential (0.87 V vs. RHE). Similarly, the Fe3O4-70/NiB-CP also exhibited a good
stability, as described by the retention of 90% of the current density even after
prolonged chronoamperometry (20 h) in oxygen saturated electrolyte (Figure 5A-
12d). Aforementioned outcomes demonstrated high activity and durability of
Fez04-70/NiB-CP and its potential as an air electrode for rechargeable aqueous Zn-
air batteries.
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Figure 5A-13. (a) Open circuit potential, (b) peak power density curves, (c) charge-discharge
polarization curves and, (d-e) corresponding specific capacity and energy density curves for
as-assembled Zn-O batterY. (f) Cycling stability of Zn-air battery with FesO.-70/NiB-CP
cathode during OER/ORR at 5 mA cm2. (g) Two Zn-air batteries connected in series lighting
ared LED (2.0 V) and (h-j) zoomed cycling stability extracted from Figure 5A-13f at different

time intervals

5A-3.4 Application in Zn-air battery

By taking inspiration from this promising oxygen bifunctional activity, a
homemade aqueous Zn-air battery was assembled by employing Zn metal as anode
and Fe304-70/NiB-CP as an air-cathode which were separated by Whatman glass
micro fibre separator where 6 M KOH + 0.2 M Zn (OAc). was applied as an
electrolyte. Thus assembled Zn-O- battery offered a high open circuit potential of
1.32 V and a peak power density of 81 mW cm2 at 1.72 V which was comparable
to commercial RuO2+Pt/C [Figures 5A-13(a-b)]. The low potential gap between
the overpotential during OER and onset potential during ORR are beneficial for
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Figure 5A-14. (a) Photograph representing the battery powered NRR cell setup with two Zn-
air batteries (equipped with Fe.O3-70/NiB-CP as air cathode) connected in series to power H-
cell with Fe;Os3-70/NiB-CP at both anode (OER) and cathode (NRR). Inset shows lighting up
of red (2.0 V) and green (2.2 V) LED by the as-assembled setup. (b) & (c) LSV recorded under
the full cell conditions during NH3 synthesis, and (d) Bar graph comparison of NH3 production

yield rates obtained during half-cell and full-cell experiments.

better charge-discharge activity. ® As a result, FesO4-70/NiB-CP reveal a small
potential gap of 0.7 V for 5 mA cmduring the charge- discharge (Figure 5A-13c).
Furthermore, the Fe304-70/NiB-CP electrode was able to deliver a high
specificcapacity of 595 mA h gt at 5 mA cm with a corresponding energy density
of 698 W h kg* (Figure 5A-13d-e). The as assembled battery further illustrated the
excellent stability without any interrupted discharge at 5 mA c¢cm for continuous
36 h (216 cycles with 5 minutes of charge and 5Sminutes of discharge), with very
small changes in potential gap [Figures 5A-13(f and h-j)]. In the end, the practical
applicability of the Zn-air battery assembled with FezOs-70/NiB-CP air electrode
was established by lighting up a red LED of 2.0 V (Figure 5A-13g) by taking this
battery as a power source.

5A-3.5 Application as trifunctional flexible electrode: The main aim of this

124



Self-standing Fe3zO4 decorated....

study was to validate the applicability of as-designed electrode as a trifunctional
flexible electrode. For this, two Fes04-70/NiB-CP equipped rechargeable Zn-air
batteries, connected in series, were employed to power two-electrode NRR cell
containing Fe304-70/NiB-CP flexible electrode at both anode and cathode for NH3
synthesis (Figure 5A-14a). The bifunctional activity (i.e., OER at anode and NRR
at cathode) was depicted by the steep increase of current density at 1.5 V during
full-cell study (Figure 5A-14Db). Similarly, the LSV curves recorded in Ar-and Na-
saturated 0.1 M KOH clearly indicate the activity towards NRR (Figure 5A-14c).
Finally, we carried out 2 h continuous electrolysis by using thus assembled battery
as a power source to drive N2 reduction and the produced NHz was quantified.
Thus, developed Zinc-air battery powered two-electrode NRR cell was able to
achieve ammonia yield rate of 194.25 pg h' mger? (Figure 5A-14d), which
validated the ability of Fes304-70/NiB-CP to work as an efficient trifunctional

flexible electrode.

5A-4 Summary

Here, we have developed FesO4 deposited NiB-cellulose paper electrode via a two-
step deposition method to achieve high activity towards OER, ORR and NRR. A
straight forward approach of conversion of insulating cellulose paper into eco-
friendly flexible electrode is presented. The conductivity is induced in the cellulose
paper by electroless deposition of NiB, in which active electrocatalyst FezOa
nanospheres is decorated by electrodeposition technique. This electrode was able
to demonstrate electrocatalytic dinitrogen reduction with good yield rate (245 g
h™ mgear?), promising Faradaic efficiency (4.32%) and a high TOF (0.83 h) at a
lower applied potential of -0.1 V vs. RHE. The observed inspiring oxygen
bifunctional activity lead towards the development of eco-friendly, rechargeable
Zn-O> battery. The as assembled battery demonstrated good power density, high
specific capacity, and stable cyclability with small charge discharge overpotential.
As an inspiration of the impressive trifunctional catalytic activity, this study is able

to achieve paper electrode-based Zn-O; battery powered electrochemical nitrogen
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reduction reaction with good NHj yield of 194.25 pg h™ mgeat. Therefore, this

work can encourage researchers for the development of cost effective, highly

selective and efficient electrocatalyst decorated multifunctional eco-friendly paper

electrodes towards energy storage and conversion and other electrochemical

applications.
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NiFeP/NiB decorated cellulose paper based flexible

electrode for self-powered alkaline water splitting
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5B-1 Introduction

Hydrogen is considered as an ideal energy source due to its low weight and high
energy density.’® Till date, hydrogen production is dominated by steam
reformation process consuming fossil fuels, which in turn lead to not only the
depletion of fossil fuel reserves but also adverse effects on the environment and
moreover, the as obtained hydrogen contains many impurities.* ° Therefore, it is
vital to produce high purity hydrogen avoiding the consumption fossil fuels.®
Electrochemical water splitting is the utmost way to produce hydrogen in highly
pure form which involves hydrogen evolution reaction (HER) at the cathode and
oxygen evolution reaction (OER) at the anode of an electrolytic cell producing
gaseous molecular hydrogen and oxygen, respectively.> 7 But the indolent kinetics
of both HER and OER (especially OER) makes it an odorous task.® Unfortunately,
most of the global electricity production relies on fossil fuel operated thermal
plants. In addition to it, global crisis like frequent energy consumption and
environment pollution due to heavy dependency on the energy extracted/supplied
from fossil fuels have led to the development of alternatives integrated energy
systems (IES) viz. combined solar cell and lithium storage unit, water splitting
powered by solar cells/metal-air batteries to overcome the weather dependency
associated with renewable energy such as solar power, hydropower and wind
power etc.® °12 More importantly, integration of the energy storage and conversion
devices will provide an advanced solution to the drawbacks in existing individual
devices with a cumulative efficiency.®® Inspired from this, self-powered water
splitting could be a sustainable and viable choice for near future to meet the
demands of green H» production by integrating with energy storage device like
metal-air batteries, particularly Zn-air (Oz) batteries. Zn-O, batteries have
demonstrated their potential as the power source for high-density energy storage
due to their high energy density (1218 Wh kg?), efficiency and environment
friendliness.'* ° Interestingly, a commercial water electrolyzer is operated at a cell

voltage of 1.8-2.0 V (much higher than the theoretical minimum value of 1.23
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V), 17 which is the voltage that can be realized by Zn—air batteries.'® The core of
this integrated self-powered water splitting device lies in the designing of efficient
and robust electrocatalysts with multifunctional activity which can be used for both
water splitting and stable power supply by Zn-O, battery.!* 18 1 More precisely,
the development of a trifunctional electrocatalyst with very high activity for
complex and sluggish multielectron transfer processes such as the oxygen
reduction reaction (ORR), OER and HER involved in water splitting and Zn-O-
battery is of great interest. More importantly, pairing two different electrodes for
OER and HER and applying different catalysts for OER and HER during water
splitting and for ORR and OER at air cathode during Zn-O- battery operation
increase reaction complexity, material and overall processing costs and further
urges the development of a trifunctional catalyst.*> ?° To date, precious IrO, and
RuO- are considered as benchmarking catalysts for OER but not efficient for the
ORR and HER. In contrast, Pt/C remains the state-of-the-art catalyst for the
HER/ORR, but is unstable under oxidative conditions during OER.?% 2! The high
cost, scarcity and poor durability of these precious metal based catalysts hinder the
practical scalability and thus necessitates the development of a cost-effective
trifunctional catalyst based on non-precious elements.?? Indeed, the designing of
such a catalyst which possess ample number of active sites and robustness towards
three different reactions with completely different fundamental mechanisms is yet
complicated but the need of the hour.

In addition to all these above mentioned factors, the coherent design of electrode
architecture also plays a vital role to further improve the electrochemical
performance of any electrocatalyst.?® 2* As the use of insulating binder in the
conventional electrode fabrication techniques with the rigid current collectror not
only increase the overall fabrication cost but also hinders the electrocatalytic
activity.?>? In this context, binder free, self-standing three dimensional flexible
electrode with an active catalyst grown over their surfaces can be a good strategy
to enhance the electrochemical activity.?” And moreover, these electrodes can be
applicale for any type of reactors and devices so that it can also establish exciting
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opportunities towards the advancement flexible electronics.?® Thus, the
development of durable, cost effective and eco-friendly flexible electrodes showing
multifunctional activity is currently needed. At present, existing carbon and metal
foam/foil-based substrates as flexible electrodes for catalyst hosting have many
glitches including structural fragility, incompatibility for large scale fabrication and
expensive procedures.?’ Besides these, disposals of used material is creating
serious environmental issues. Therefore, development of eco-friendly,
mechanically strong biodegradable substrate based flexible electrodes with overall
high catalytic activity using cheap and easily available precursors adds up in
initiation to overcome the aforementioned drawbacks. In this context, our group
has established a fascinating approach for the development of bio-degradable
material based highly flexible paper electrode via straightforward electroless-
electrodeposition approach for sustainable eco-friendly energy storage and
conversion applications.?” Therefore, the strategy of combining electroless
deposition and electrodeposition for the development of non-conductive substrate-
based electrode can be explored with various type of active materials for different
electrochemical applications.

With this view point, biodegradable and ubiquitous cellulose paper based self-
standing three-dimensional flexible electrodes exhibiting trifunctional activity
towards ORR, OER and HER for self-powered water splitting has been developed.
Herein, laboratory Whatman filter paper was converted to conductive paper
substrate by electroless deposition and well explored NiFeP composite as active
electrocatalyst was decorated over it by electrodeposition method which was
directly used as a working electrode for electrochemical applications. Thus,
developed electrode demonstrated the good trifunctional activity towards ORR,
OER and HER. A Zn-O; battery is assembled with the designed electrode as air-
cathode which exhibited a good power density and high specific capacity, with
stable cyclability. Additionally, this Zn-air battery is able to power an alkaline

water electrolyser to perform overall electrochemical water splitting.
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5B-2 Electrode fabrication

5B-2.1 Fabrication of NiB-CP: The insulating cellulose paper (CP) was converted
to conductive paper substrate by following the reported literature. Briefly, the clean
laboratory Whatman filter paper (1cm x 1cm) was placed in an ice cold bath
solution composed of 6 mmol NiClz, 13.5 mmol NH4Cl and 6 mmol trisodium
citrate in 15 mL of 1M NaOH solution in which ice cold NaBHa solution (12 mmol
NaBHj; dissolved in 10 mL of 1M NaOH) was added slowly from the wall of the
vessel and left as such till the completion of the reaction. After that the NiB coated
cellulose paper was cleaned by sonicating it in water followed by in ethanol: water
(1:1) solution then dried in hot air oven at 60 'C and it is designated as NiB-CP.

5B-2.2 Fabrication of NiFeP/NiB-CP: The active electrocatalyst NiFeP was
decorated over the NiB-CP surface by electrodeposition method for which the
NiB-CP was taken as working electrode with Ag/AgCI/3M KCI and graphite rod
reference and counter electrodes respectively. The electrodeposition was
performed in a bath solution (composed of NiSOas, Fe SO4, Na(OAc) and NaH2PO-
in 40 mL water) by cyclic voltammetry at -1.0 to -0.3 V vs. Ag/AgCl and it was
designated as NiFeP/NiB-CP. Similarly, the NiFeO/NiB-CP electrode was
fabricated by following the same procedure in the absence of NaH2PO- in the bath
solution. These electrodes were washed thoroughly with deionized water then

finally dried in hot air oven at 60 "C.
5B-3 Results and discussion

5B-3.1 Physical characterization: The NiFeP/NiB-CP and NiFeO/NiB-CP
electrodes were prepared by a two-step deposition approach. Initially, NiB
nanoparticle is coated over the CP to make it conductive by electroless deposition
method by following reported literature and designated as NiB-CP. Thereafter, the
active electrocatalyst NiFeP was coated over NiB-CP by electrodeposition method
by performing cyclic voltammetry. The morphological features of these electrodes
were obtained from SEM and TEM images. The SEM image of CP and NiB-CP
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Figure 5B-1. SEM images of (a) bare cellulose paper (b) NiB-CP and (c) NiFeP/NiB-CP
electrodes, (d) FE-SEM, (e) TEM and (f) HRTEM and (g) SAED pattern images of NiFeP/NiB-
CP electrode.

(Figures 5B-1(a-b)) showed a uniform coating of NiB nanoparticles over cellulose
paper. Similarly, the SEM image of NiFeP/NiB-CP electrode (Figure 5B-1c)
demonstrated the granular particle deposition over the NiB-CP surface which was
further analysed through the field-emission-scanning electron microscopy (FE-
SEM) where a grape bunch like morphology was observed as shown in Figure 5B-
1d which was further supported by TEM images (Figure 5B-1e). Additionally, the
absence of lattice fringes in the HRTEM image (Figure 5B-1f) evidenced the
amorphous nature of the deposit which was further supported by the SAED pattern
(Figure 5B-1g). Similarly the EDS elemental dot mapping images evidenced the
uniform distribution of respective elements over the scanned area (Figure 5B-2).

The microstructure of the prepared electrode was attributed by the PXRD analysis.
As shown in Figure 5B-3, the NiFeP/NiB-CP displayed broad diffraction peak at
20 value 38 to 53" closely matching with the FezNiP phase (PDF no. 01-074-9000)
along with the crystalline cellulose peaks at 20 valuel6’, 17.5°, 23.7° and
35.3°corresponding to planes (110) (110), (200) and (004) respectively.?® The
chemical composition of the NiFeP/NiB-CP electrode was investigated by X-ray

photoelectron spectroscopy (XPS) analysis. The XP survey spectra of NiFeP/NiB-
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Figure 5B-2. Elemental dot mapping images for (a) all elements and separately for (b) Ni, (c)
Fe, (d) P, (e) O and (f) B elements of NiFeP/NiB-CP electrode.

Fe,NiP, PDF Card No.: 01-074-9000

(a) NiFeP/NiB-CP
] (b) NiFeP/NiB-CP
5 : =
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Figure 5B-3. The P-XRD pattern of (a) bare CP, NiB-CP, and NiFeB/NiB-CP and (b)
comparison of NiFeB/NiB-CP with PDF card.

CP (Figure 5B-4a) confirmed the presence of Fe, Ni, O, P, and C elements. The
high-resolution Ni 2p spectra upon deconvolution (Figure 5B-4b) demonstrated Ni
2p32 and Ni 2p12 peaks around 852.5and 869.7 eV belonging to NiB as well as
855.4 and 873.1 eV corresponding to Ni?* respectively along with their satellite
peaks.?® Similarly, the peaks appeared around 710.1 and 723.8eV belonging to Fe?*
along with peaks at 713.8 and 726.8 corresponding to Fe®* in the deconvoluted Fe
2p spectra (Figure 5B-4c) confirmed the existence of iron in +2 and +3 oxidation
states.3® Furthermore, the peak at 133.1 and 134.1 eV in the high-resolution P 2p
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Figure 5B-4. The XP spectra of NiFeP/NiB-CP (a) full survey scan and deconvoluted spectra
of (b) Ni 2p (c) Fe 2p (d) P 2p (e) B 1s and (e) O1s elements.

spectra attributes to the P2ps» and P2pi. peaks (Figure 5B-4d).3* Also, the
observed M- B and BOx peaks around 189 and 192 eV in the deconvoluted B 1s
spectra (Figure 5B-4e) confirmed the presence of NiB.3? Additionally, the peaks
located around 531.2 and 532.5eV in the O 1s spectrum confirms the presence of
0% and OH- species (Figure 5B-4f). These results confirmed the successful

incorporation of NiFeP over the surface of NiB-CP.

5B-3.2 Electrochemical study: To realize the applicability of the as-developed
electrode towards Zn-O- battery powered water splitting, it is necessary to evaluate
HER, OER and ORR performance. The electrochemical activities of these
electrodes were investigated in 1.0 M KOH solution by taking the fabricated
NiFeP/NiB-CP as a working electrode and Hg/HgO/1M NaOH) reference electrode
along with Pt wire (during OER and ORR) and graphite rod (during HER) counter
electrodes. The OER study was carried out by performing linear sweep
voltammetry (LSV), chronopotentiometry (CP) and electrochemical impedance
spectroscopy (EIS) studies. Initially the electrochemical activity towards OER was
evaluated by performing LSV. The LSV curves of NiFeP/NiB-CP, NiFeO/NiB-CP
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Figure 5B-5. (a) Linear sweep voltammograms (iR-corrected) for NiFeP/NiB-CP, NiFeO/NiB-
CP and NiB-CP in 1M KOH electrolyte solution at 10 mV s, (b) Tafel plots, (c) EIS spectra,
(d) Ca for various electrodes, (e) Faradic efficiency at different interval of time and (f)
chronopotentiometric test for 48 h for NiFeP/NiB-CP electrode.

and NiB-CP are presented in Figure 5B-5a. The NiFeP/NiB-CP electrode displayed
asmaller overpotential of 310 mV at a current density of 100 mA cm2, as compared
to its oxide variant NiFeO/NiB-CP (372 mV), exhibiting better OER activity in
comparison to recently reported catalysts. Additionally, OER Kkinetics was
investigated from the Tafel plot, which was obtained from a graph of log of current
density vs. potential plotted according to Tafel equation by taking corresponding
LSV curves, (Figure 5B-5b). The NiFeP/NiB-CP electrode exhibited a smaller
Tafel slope value of 63 mV dec! than NiFeO/NiB-CP (91 mV dec™?). The observed
LSV curves and Tafel slope results specify that the NiFeP/NiB-CP electrode
catalyst possesses excellent activity and favourable kinetics towards OER. The
significant variation in the electrocatalytic activity of the NiFeP/NiB-CP electrode
than NiFeO/NiB-CP electrode could be due to the dissimilarity in the interfacial
charge transfer kinetics, which can be analyzed by conducting electrochemical
impedance spectroscopy (EIS). The NiFeP/NiB-CP electrode exhibited (Figure 5B-
5c, Table 5B-1) a lower charge transfer resistance (Rct) of 1.5 Q than that of the
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NiFeO/NiB-CP (5.1 Q), which demonstrates the higher conductivity and enhanced
electron/ion transport dynamics of NiFeP/NiB-CP at the electrode and electrolyte
interface resulting improved electrocatalytic activity. This higher activity was
further supported by the electrochemical surface area (ECSA). The ECSA of the
electrodes were determined via estimation of the electrical double-layer
capacitance (Cai) by recording CVs with various scan rates at non-Faradaic region,
as shown in Figure 5B-5d. The Cq values of NiFeP/NiB-CP, NiFeO/NiB-CP and
NiB-CP were found to be 30.1, 19.9 and 14.8 mF respectively. The higher ECSA
of NiFeP/NiB-CP in comparison to other electrodes signifies the exposure of more
active sites which are responsible for the high electrocatalytic activity. The Faradic
efficiency (FE) is a vital parameter to know the selectivity of the electrochemical
reaction. In order to estimate the FE, the evolved O gas was quantified by
measuring the generated gas during 1.5 hours electrolysis by eudiometric method
and compared with theoretical value. The FE value for NiFeP/NiB-CP was found
to be 94 to 97% (Figure 5B-5e) which suggested that almost all the charge was
consumed for the OER without any parasitic reactions.

Table 5B-1. Electrochemical Impedance and ECSA analysis for various

electrodes
S.No. Composites Rs(Q) | Ro(®) | Rt () Cdi (MF) ECSA (cm?)
1 NiFeP/NiB-CP 4.2 5.7 1.5 30.1 752.5
2 NiFeO/NiB-CP 4.2 9.3 5.1 19.9 497.5
3 NiB-CP 4.5 12.1 7.6 14.8 370

In addition to good activity the durability of the electrode is also equally important.
The long-term stability of the NiFeP/NiB-CP electrode was examined through
chronopotentiometric analysis with an applied 100 mA c¢cm over 48 hours. The
chronopotentiometry curve (Figure 5B-5f) indicated that there were no significant
changes in the potential for 48 h, which demonstrated the outstanding
electrochemical durability of the NiFeP/NiB-CP electrode towards OER. After the
stability test, the post morphological properties of the NiFeP/NiB-CP electrode was
investigated by SEM and TEM analysis. The SEM image (Figure 5B-6a)
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Figure 5B-6. (a) SEM and (b) TEM images of NiFeP/NiB-CP electrode after OER stability

tests.

demonstrated retention of the active material coating over the substrate whereas
similar type of morphology of the NiFeP deposited over the NiB-CP was observed
in TEM image (Figure 5B-6b).
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Figure 5B-7. (a) XP survey spectra and deconvoluted XP spectra for (b) Ni 2p, (c) Fe 2p, (d)
P 2p, (e) B 1s and (f) O 1s elements of NiFeP/NiB-CP electrode after OER stability tests.

Additionally, the post electrolysis XPS analysis of the electrode demonstrated the
existance of all the elecments with their slight modification in chemical state
(Figures 5B-7(a-f)). The disappearance of NiB peak in the deconvoluted Ni 2p
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spectra (Figure 5B-7b) with the positive shifting of 2ps2 and 2p1> peaks indicated
the formation of NiOOH which was further supported by existence of O% peak in
the deconvoluted O 1s spectra. All these points collectively validated the
robustness of the NiFeP/NiB-CP electrode towards OER.
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Figure 5B-8. (a) ) Cyclic voltammogram for NiFeP/NiB-CP electrodes towards ORR at 25 mV
st of scan rate, (b) LSVs for NiFeP/NiB-CP with other control electrodes at 10 mV s of scan
rate for HER, (b) corresponding Tafel slopes and (c) chronopotentiometric curve recorded at

100 mA cm in 1 M KOH for 48h and (e) Faradic efficiency at various time interval.

Thereafter, the ORR activity of the prepared NiFeP/NiB-CP electrode was
investigated by performing CV in N2- and Oz-saturated 1.0 M KOH electrolyte.
The CV demonstrated a clear reduction peak at 0.75 V vs. RHE for NiFeP/NiB-
CP electrode in Oz-saturated 1.0 M KOH electrolyte (Figure 5B-8a), which was
not observed in Na-saturated electrolyte signifying that the NiFeP/NiB-CP
electrode was active towards electrochemical oxygen reduction reaction.

Besides the outstanding OER activity of NiFeP/NiB-CP, the HER is also equally
important half-cell reaction to evaluate the overall water splitting activity.
Therefore, the HER performance of the prepared NiFeP/NiB-CP electrode was
investigated by performing LSV in 1.0 M KOH. The LSV curves of the prepared
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Figure 5B-9. (a) LSV and (b) chronopotentiometric curve at 20 mA cm2 for NiFeP/NiB-
CP|INiFeP/NiB-CP full cell set up in 1 M KOH.

electrodes were shown in Figure 5B-8b, where NiFeP/NiB-CP exhibited a
overpotential of 182 mV at 100 mA cm and achieved 377 mA cm current density
at 300 mV overpotential which was found to be better than NiFeO/NiB-CP which
required 190 mV overpotential to achieve the same current density and drived 280
mA cm? current density at 300 mV overpotential. The better activity of the
NiFeP/NiB-CP electrode was further suppored by the lower Tafel slope of 72 mV
dec? (Figure 5B-8c) than that of NiFeO/NiB-CP (97 mV dec™?) following Volmer-
Heyrovsky mechanism.® The lower overpotential and smaller Tafel slope value for
NiFeP/NiB-CP electrode signifies the good inherent HER activity with faster
reaction kinetics.Thereafter, the durability of the NiFeP/NiB-CP electrode during
HER was investigated through chronopotentiometry measurements at 100 mA cm’
2 current density in 1.0 M KOH. The corresponding chronopotentiometry curve
(Figure 5B-8d) exhibited the almost same potential for 48 h which signified that
the improved durability of the electrode during HER. Furthermore, the selectivity
of the HER was estimated by quantifying the amount of hydrogen gas produced
during the electrolysis. The evolved hydrogen gas during the electrolysis (1.5 h)
was quantified eudiometrically and compared with theoretical value from which
the Faradic efficiency (FE) value for NiFeP/NiB-CP was found to be 95 to 98%
(Figure 5B-8e) which confirmed that almost all the charge was consumed for the

hydrogen evolution.
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mA cm2. (g) schematic representation of the Zn-O, battery assembly and (h) image of Zn-air

battery powered water electrolyzer for overall water splitting.

By considering the good OER and HER activities, an alkaline water electrolyzer
was established with the NiFeP/NiB-CP electrode both as anode and cathode
electrodes. The performance of the water electrolyzer was evaluated by measuring
the LSV and chronopotentiometry in 1.0 M KOH. As shown in Figure 5B-9a, the
LSV curve of the NiFeP/NiB-CP||NiFeP/NiB-CP water electrolyzer demonstrated
that the designed water electrolyser drived the current density of 20 mA cm? at a
cell voltage of 1.62 V only. Furthermore, the durability test of NiFeP/NiB-CP ||
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NiFeP/NiB-CP towards overall water splitting was carried out by performing
chronopotentiometry at 20 mA cm (Figure 5B-9b), which demonstrated that the
water electrolyser maintained a almost stable potential for 50 hours indicating its
great potentiality to be a promising electrode towards overall water splitting. Based
on the ORR and OER catalytic activities of the NiFeP/NiB-CP electrode, a
homemade rechargeable zinc—air battery was assembled using NiFeP/NiB-CP
electrode as the air cathode along with commercial zinc foil as anode.

The cathode and anodes are separated by a glass fibre cellulose paper separator and
6M KOH with 0.2 M Zn (OAc). was used as electrolyte. In order to compare the
activity of the Zn-O; battery, the state-of-the-art catalysts Pt/C and IrO2 were mixed
at a ratio of 1:1 and applied over NiB-CP by maintaining similar loading and used
as an air cathode. The as assembled zinc-air battery achieved an open circuit
voltage (OCV) of ~1.35 V and it was found to be stable for 10 h as shown in Figure
5B-10a. The OCV of this electrode was found to be comparable with benchmark
catalyst of Pt-C and 1rO. (~1.39 V). Further, the zinc—air battery based on the
NiFeP/NiB-CP air cathode exhibited a power density of 145 mW cm=2 at 1.95 V,
whereas the Pt/C + IrO; air cathode showed a power density of 89 mW cm2at 1.21
V. The specific capacity of the air cathode was studied at a discharge current
density of 10 mA cm™ based on consumed zinc mass at the anode, where the
assembled zinc-air battery demonstrated the specific capacity and energy density
877 mA h gtand 963 WhKg* respectively (Figures 5B-10(d-e)). The NiFeP/NiB-
CP air cathode displayed a initial round-trip overpotential of 0.69 V which was
increased to 0.88 V after 18 h (Figure 5B-10f). The cycling stability test illustrated
that the as assembled zinc—air battery has good stability at 10 mA cm? for
continuous charge-discharge cycling up to 18 h. Therefore, it can be said that thus
designed cellulose paper based flexible NiFeP/NiB-CP electrode is capable for
enhanced electrochemical performance, storage capacity, and cycling stability.

By the inspiration of promising trifunctional electrocatalytic activity towards
OER/ORR/HER and great potentiality for Zn-O, battery of the developed
electrode, the above assembled water electrolyzer was powered by connecting two
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Zn-O2 batteries (as-assembled) in series as shown in Figure 5B-10h. The
continuous bubble formation were observed in both the electrodes which witnessed
the successful powering for overall water splitting by the as developed Zn-O>

batteries.
5B-4 Summary

In summary, a biodegradable substrate based three-dimensional flexible
NiFeP/NiB-CP electrode was successfully developed via a facile electroless
deposition followed by electrodeposition method. The fabricated NiFeP/NiB-CP
electrode demonstrated excellent electrocatalytic activity towards OER (1100 =310
mV), ORR (0.85 V vs. RHE), and HER (1100 =182 mV) with excellent durability.
Further, the water electrolyzer consisting of the designed electrode both as cathode
and anode showed a good overall water splitting with a cell voltage of 1.62 V at 20
mA cm?. Additionally, a rechargeable zinc—air battery was assembled by
employing the NiFeP/NiB-CP air cathode which exhibited a power density of 145
mW cm2 at 1.95 V. Finally, a paper electrode-based Zn-O; battery powered water
electrolyzer was exhibited for overall water splitting. Thus, the presented
fabrication strategy provides a new route for the development and design of highly
abundant eco-friendly substrate based flexible electrode for integrated energy
conversion and storage applications.
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electroless deposition towards selective and
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Chapter 6A

6A-1 Introduction

Dopamine  (3,4-dihydroxyphenylamine, DA), a vital catecholamine
neurotransmitter, is extensively found in body fluids like cerebrospinal fluid, urine,
blood serum etc." 2 DA plays an important role in the regulation of neuronal
activities, hormonal balance and also involved in movement, cognition, motivation,
and memory.®>* Dopamine level in the extra cellular fluid of the central nervous
system lies in the range of 1-50 nM® while the caudate nucleus of the brain contains
50 nmole g of DA.” The abnormality of dopamine level in body fluids results into
neurological as well as psychiatric disorders, which may cause several diseases,
such as Parkinson’s®, Alzheimer’s®, anhedonia, HIV infection, and schizophrenia
etc.% 1! Besides, dopamine hydrochloride used in cardioversion shock treatment
may have huge impact on health such as kidney failure, heart attack, and numerous
bacterial infections.'? Therefore, accurate and sensitive detection of dopamine level
is formost for the proper treatment of the neurological diseases. Several detection
platforms like chemiluminescence, fluorometry, localized surface plasmon
resonance (LSPR), photochemical analysis, high-performance liquid
chromatography (HPLC) and mass spectrometry have been commonly used for the
detection of dopamine.t® 2 But, the major disadvantages of these techniques are
expensive instrumentation, long time procedures, difficulties in realizing real-time
high output, lack of portability, non-applicability for on-site monitoring.
Additionally, poor limit of detection as well as presence of interfering species are
the biggest hurdles to meet clinical demands for the detection of DA. Alternatively,
because of the electroactive nature of dopamine its electrooxidation is more viable
consequently, the electrochemical technique for dopamine detection has gained
tremendous attention.’**® However, coexistence of ascorbic acid (AA) whose
amount is 100-1000 times more than that of dopamine (0.01-1 mM), leads to
regeneration of dopamine during the electrooxidation of dopamine making the

detection unreliable.®

Previously, numerous efforts have been put forward to eliminate the interference
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of ascorbic acid viz. use of functionalized nanomaterials, transition metal
oxides/phosphides, carbon-based materials,*’ polymers, polyoxometalate etc.'8 19
Besides the catalyst development, the fabrication of the electrode is equally
important for the sensitive detection of dopamine. In conventional process, the
electrodes preparation involves two steps i.e. electrocatalyst synthesis followed by
catalyst coating over the conductive substrate such as graphite/metal
foam/ITO/screen printed electrodes by using insulating binder.1®2°2* Additionally,
the structural fragility of the electrode substrate as well as environmental concerns
related to the disposal of end-of-life products?? are also serious issues. Furthermore,
the catalyst synthesis involves multiple steps with complicated procedures and
istime consuming which may require harsh conditions. In this regard a
mechanically flexible and biodegradable electrode developed from cellulose paper
can be a promising sustainable and cost effective alternative to the existing
approaches.?>?> Moreover, the excellent electronic conductivity and high surface
area of carbon material is advantageous to achieve improved electrochemical
activity.® 26 Furthermore, the electroless deposition is less hazardous to the
environment, less time-consuming and a cost-effective technique, providing a
uniform coating of active material over the substrate via controlled chemical
reaction, which is fairly stable during a long-term electrochemical reaction and
under various mechanical deformations.?” Thus, in the present study NiFeB coated
paper electrode has been explored as a free standing flexible electrode for the

selective and sensitive detection of dopamine.

Herein, we have utilized the cellulose paper as flexible substrate and made it
conductive by coating with Vulcan carbon (VC) over it, where in the active material
NiFeB was decorated by electroless deposition method. We have explored a
straightforward and cost-effective electroless deposition approach (dip coating) to
fabricate a highly flexible and eco-friendly electrode by eliminating the
conventional and expensive sensitizer and activator such as SnCl, and PdCl..%8

Therefore, combining cellulose paper as a biodegradable eco-friendly substrate

151



Chapter 6A

with straight forward and cost-effective electroless deposition as a fabrication
technique can be a revolutionary strategy.?® The electrode fabricated by the
electroless deposition of NiFeB nanoparticle over the Vulcan carbon coated
cellulose paper substrate can be directly used as a three dimensional flexible
electrode towards electrochemical dopamine sensing without any additional step
for preparing sensor probe. Thus, the developed technique provides a uniform
coating of active material over the substrate surface and the as prepared electrode
shows a fair stability over 100 cycles and equally under various mechanical
deformations, minimising the probable damage to the substrate. This flexible
NiFeB/VC-CP electrode demonstrates a good sensitivity of 35.35 uA uM ™t cm™2
along with a wide detection range of 10 nM to 400 uM even in the presence of high

concentration of ascorbic acid, glucose and uric acid interferents.
6A-2 Electrode Fabrication

6A-2.1 Fabrication of VC-CP: Laboratory Whatman filter paper was cleaned by
acetone with sonication followed by thoroughly washing with deionised water and
was finally dried at 60 "C in hot air oven. The clean piece of cellulose paper (1cm
x 1cm) was coated with the Vulcan carbon paste prepared by dispersing Vulcan
carbon with PVDF binder (1:1) in N-Methylpyrrolidone (NMP) and finally dried

at 60 "C in hot air oven for complete dryness.

6A-2.2 Fabrication of NiFeB/VC-CP: As fabricated VC-CP substrate was dipped
in 1M NaOH solution (15 mL) containing 4.5 mmole Fe(NO3)3.9H20, 1.5 mmole
NiCl2.6H20, 6 mmole trisodium citrate and 13.5 mmole NH4CIl. The
aforementioned reaction mixture was kept in an ice bath to which sodium
borohydride solution (12 mmole NaBH4 in 10 mL 1 M NaOH) was added slowly
from the wall of the container and kept undisturbed until the effervescence siezed.
After the completion of the reaction the paper was washed thoroughly with mixture
of ethanol and water (1:1) then finally dried in hot air oven at 60 "C. The deposition
of FeB and NiB were carried out by taking respective metal salt only in the similar

experimental procedure as mentioned above. The metal ratio in the bath solution
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Figure 6A-1. PXRD pattern of (a) bare cellulose paper and NiFeB/\VC-CP electrode and (b)

various flexible electrodes.

was optimized by changing the molar ratio of Ni and Fe such as 1:1, 2:1, 3:1, 1:2

and 1:3 while maintaining the overall number of moles of metal precursor constant.

6A-3 Results and discussion

6A-3.1 Physical characterization: The NiFeB/VC-CP flexible electrode was
fabricated by a straightforward electroless deposition technique. Firstly, the
cleaned Whatman filter paper (CP) paper surface was modified with carbon coating
by applying the Vulcan carbon (VC) paste over it followed by the electroless
deposition in a bath solution composed of Fe(NO3)3.9H.0, NiCl2.6H.0,
NasCsHs07, NH4Cl, NaOH and NaBHa. The micro structure of the electrodes were
analysed by powder X-ray diffraction (PXRD) analysis. The PXRD patterns of
various electrodes viz., NiB/VC-CP, FeB/VC-CP, NiFeB/VC-CP and bare
cellulose paper substrate were recorded using CuKa radiation (A=0.1542 nm, 40kV,
40mA) within the 20 range of 5-80° at a scan rate of 5° per minute and a
proportional counter detector for structural investigation of catalysts. As observed
in Figure 6A-1a the NiFeB/VC-CP showed characteristic peaks of planes (110),
(121), (111) and (131) corresponding to NiB (PDF no. 01-074-1207), along with
(020), (101), (210), (121), (211), (112), (041) corresponding to FeB (PDF no. 00-
032-0463) and (002), (121) and (131) corresponding to Fe2B (PDF no. 00-036-
1332) respectively. Similarly, crystalline cellulose peaks at 26 values of 167, 17.5,
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Figure 6A-2. SEM image of (a) bare cellulose paper and (b) VC-CP, (c) FESEM image of the

NiFeB/VC-CP, and elemental dot mapping images (d) all elements, (e) Ni, (f) Fe, (g) B (h) C
and (i) O for NiFeB/VC-CP electrode.

23.7" and 35.3° corresponding to (110) (110), (200) and (004) planes®, graphitic
carbon peak at 20=26.4", and the high-intensity peak at 20=19" were observed
which is due to the oxides formation of Fe and Ni 3% 32 (Figure 6A-1b), which
confirmed the deposition of NiFeB over VC-CP surface. The morphological
features of as fabricated NiFeB/VC-CP electrode were analysed by scanning
electron microscopy (SEM). SEM images in Figure 6A-2a & b confirms the
deposition of Vulcan carbon over the surface of cellulose paper. The high-
resolution field emission scanning electron microscopy (FE-SEM) image of
NiFeB/VC-CP (Figure 6A-2c) demonstrated the granular morphology of NiFeB
coating over the VC-CP where the uniform distribution of the respective elements
were confirmed by the elemental dot mapping (Figure 6A-2d-i) of the NiFeB/VC-
CP electrode. In order to evaluate the surface properties of NiFeB/VVC-CP X-ray
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Figure 6A-3. (a) XPS survey spectra and and deconvoluted XP spectra of (b) Ni 2p, (c) Fe
2p, (d) B 1s, (e) O 1s and (f) C 1s of NiFeB/VC-CP electrode.

photoelectron spectroscopy (XPS) analysis was performed. The appearance of the
peaks in the XP survey spectra of NiFeB/VVC-CP at a binding energy (BE) of 192,
285, 531, 710 and 856 eV evidenced the co-existence of B 1s, C1s, O1s, Fe 2p and
Ni 2p respectively (Figure 6A-3a). The high-resolution Ni 2p XP spectra upon
deconvolution showed two major peaks at 855 eV and 873 eV along with two
satellite peaks corresponding to Ni 2ps2 and Ni 2pu/2 respectively (Figure 6A-3b)
while the existence of the peaks at 852.5 and 869.5 eV confirmed the presence of
NiB and oxide of nickel. Similarly, the deconvoluted XP spectrum of Fe 2p
exhibited peaks at 709.5 & 712.8 eV and 723 & 727 eV corresponding to Fe 2psp.
and Fe 2pi1» (Figure 6A-3c) which evidenced the presence of Fe in +2 and +3
oxidation state respectively. Additionally, the presence of M-B peak around 188.5
eV and BOy peak at 191 eV in the deconvoluted B 1s spectra (Figure 6A-3d) as
well as M-O & C-O peaks in deconvoluted O 1s spectra (Figure 6A-3e) further
supported the existence of NiFeB in NiFeB/VC-CP.333

6A-3.2 Electrochemical studies: The applicability of as fabricated novel flexible

NiFeB/VC-CP electrode for the electrochemical determination of dopamine was
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Figure 6A-4. (a) CV of various flexible NiFeB/VC-CP electrodes in 0.1 M PBS electrolyte
containing 50 mM DA and 200 mM AA, (b) CV, (c) DPV and (d) EIS results for various
catalysts in 0.1 M PBS electrolyte containing 50 mM DA and 200 mM AA at a frequency
ranging from 2 Hz to 2.5 MHz, (e) CV and (f) DPV of flexible NiFeB/VVC-CP electrodes in 0.1

M PBS electrolyte containing 200 mM AA and various concentrations of DA,

then examined by several electrochemical techniques. Firstly, the fabricated
electrodes were conditioned by performing cyclic voltammetry in 1 M KOH in the
potential range of 1.0 to 1.9 V vs. RHE. The cyclic voltammogram (CV) were
recorded in 0.1 M phosphate buffer solution (PBS, pH 7.0) containing 50 uM
dopamine and 200 uM ascorbic acid at a scan rate of 10 mV s using different
flexible NiFeB/VC-CP electrodes fabricated in various bath composition by
varying the metal precursor ratio. The cyclic voltammograms in Figure 6A-4a
revealed that in all the electrodes, the appearance of redox peaks centred at 0.2 V
and 0.08 V vs. Ag/AgCI/3M KCI were consistent with electrocatalytic oxidation of
dopamine to dopaminoquinone and subsequent reduction of dopaminoquinone to
dopamine, respectively. The NiFe(1:3)B/VC-CP electrode showed superior
activity among all variants which was evidenced by the highest peak current density
corresponding to dopamine oxidation observed in CV shown in Figure 6A-4a.
Furthermore, similar experiments, including CV and differential pulse
voltammetry (DPV) were carried out by using monometallic flexible electrodes i.e.
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NiB/VC-CP and FeB/VC-CP electrodes (Figure 6A-4b & c), which showed
inferior activity as evidenced by relatively less intense peaks while the NiFeB/VC-
CP electrode displayed two times higher oxidation peak current density (0.33 mA
cm2) than monometallic electrodes. The enhanced activity of flexible NiFeB/VC-
CP electrode could be attributed to a change in the electronic properties after the
incorporation of second metal to monometallic variants leading to improved
electron transport at the electrode-electrolyte interface and subsequently the
enhanced sensor performance towards the electrochemical oxidation of dopamine.
Additionally, the MOO" species formed as a result of conditioning of the electrode,
inhibited the diffusion of negatively charged ascorbic acid over the electrode
surface and facilitated the selective detection of dopamine.!® 3> 3¢ These findings
were further supported by electrochemical impedance spectroscopic (EIS)
measurements, which were accomplished at 0.19 V vs. Ag/AgCl/3M KCI in the
frequency range between 2 Hz to 2.5 MHz in 0.1 M PBS electrolyte containing 50
uM dopamine and 200 uM ascorbic acid. As shown in Figure 6A-4d, the
monometallic NiB/VVC-CP flexible electrode exhibited a maximum charge-transfer
resistance (R¢t) value while the NiFeB/VC-CP flexible electrode demonstrated the
lowest Ret amongst all, witnessed from its smaller diameter of semicircle. As a
consequence of the higher Ret value in NiB/VC-CP, the slower Kkinetics was
resulted due to the resistance at the electrode electrolyte interface during electro-
oxidation of dopamine. Whereas, lower R¢t in NiFeB/VVC-CP specified the facile
Kinetics towards dopamine electrooxidation. The facile kinetics of the electrodes
depend upon higher number of available electrochemical active sites, which was
determined by using the double layer capacitance in the non- faradaic region. The
NiFeB/VC-CP electrode exhibited higher electrochemical surface area (ECSA)
than the monometallic variants (Table 6A-1). The sensitivity of the proposed
flexible NiFeB/VC-CP electrode towards dopamine sensing was examined by
performing CV and DPV experiments at various concentrations of dopamine from
10 nM to 400 uM and keeping the constant concentration of ascorbic acid(200 uM).
As shown in Figure 6A-4e, the oxidation current response increased with the
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Table 6A-1: Electrochemical surface area (ECSA) of various electrodes.

S. No. Composite C, (mF) @ 0.0 V vs. Ag/AgCI/3M KCI ECSA (cm?)
1. NiB/VC-CP 0.49 12.25
2. FeB/VC-CP 0.82 20.5
3. NiFeB/VC-CP 1.89 27.23

increment in the dopamine concentration, verified the effective catalysis towards
the electrochemical oxidation of dopamine by the flexible NiFeB/VC-CP electrode.
Also, DPV demonstrated a sharp increment in the oxidative-peak current response
with increased concentration of dopamine (Figure 6A-4f). Furthermore, absence of
oxidative peak corresponding to ascorbic acid even at a200 uM concentration,
demonstrated the complete knockdown of ascorbic acid interference. The

sensitivity of flexible NiFeB/VC-CP electrode was determined by the linear plot of
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Figure 6A-5. (a) Plot of current density versus concentration of DA extracted from Figure 6A-
4f (b) EIS, (c) chronoamperometric response in 0.1 M PBS electrolyte containing 200 mM AA
and various concentrations of DA, (d) cyclic voltammograms in 0.1 M PBS electrolyte
containing 200 mM DA and 200 mM AA at various scan rates ranging from 10 to 100 mV s

and (e) corresponding peak current density versus square root of scan rate curve for NiFeB/VC-

CP electrode.
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dopamine concentrations vs. current response extracted from DPV (Figure 6A-5a)
which was found to be 35.35 pA pM ™t cm™, 2.36 pA uM ! cm? and 0.215 pA
uM ™t cm™2 for three linear ranges from 10 nM to 1 pM, 5 uM to 50 pM and 100
uM to 400 uM respectively with a low detection limit of 2.1 nM, indicating the
superior sensitivity towards dopamine detection. The resistance of the proposed
flexible electrode was monitored simultaneously during the sensing measurements
by electrochemical impedance spectroscopy to realize the conductivity of the
flexible electrode (Figure 6A-5b). As expected, the resistance at the electrode-
electrolyte interface under various concentrations of dopamine ranging from 10 nM
to 400 uM in presence of ascorbic acid concentration (200 uM) were decreased due
to facilitated electron transport at the interface, validating its potential application.
In the similar fashion, consecutive chronoamperometric study after every two
minutes was performed with successive addition of dopamine and a subsequent
change in current response was observed (Figure 6A-5c). A step-wise increase in
current response with sequential addition of dopamine ranging from 10 nM to 400
uM depicted the superior sensitivity of the as fabricated flexible NiFeB/VC-CP
electrode for dopamine determination. Furthermore, cyclic voltammogram at
various scan rates showed a linear relationship between the anodic as well as
cathodic peak current while the square root of the scan rate validated that the
oxidation of dopamine by flexible NiFeB/VC-CP electrode was a diffusion-
controlled process (Figure 6A-5d & e). In addition to sensitivity, a selective
determination is equally important to realize the practical application of the
proposed flexible electrode for abolishing the interferences caused by endogenous
species other than ascorbic acid. The selectivity towards dopamine was studied by
performing CV and DPV in the presence of common co-existing interferents viz.
uric acid (200 uM), ascorbic acid (1000 uM) and glucose (3000 uM) at various
concentrations of DA under the same experimental conditions(Figure 6A-6a-c).
The bar diagram in Figure 6A-6d demonstrated a negligible change in current
response in presence of high concentration of AA and UA whereas a very minimal

interference from glucose was observed, signifying
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Figure 6A-6. Differential pulse voltammograms in presence of interferants (a) 200 uM UA,
(b) 1000 uM AA and (c) 3000 uM glucose at various concentrations of DA, (d) bar diagram
representing the normalized current with respect to interferents at a 400 mM concentration of
DA, (e) DPV various concentrations of DA only and (f) plot of current density versus
concentration of DA for NiFeB/VC-CP electrode extracted from DPV.

superior selectivity towards DA. Also, the similar current response was observed
at various concentrations of dopamine (6A-6e-f). Besides, stability of flexible
sensor is another crucial parameter to evaluate its practical application, for that
cyclic voltammetry measurement was performed for 100 cycles, and a negligible
decay in the current response was observed (Figure 6A-7a) which confirmed the
excellent robustness of electrode. This was further supported by the post stability
SEM image (Figure 6A-7b), and the similar response in DPV even after various
mechanical deformations (Figure 6A-7c-i). The reproducibility of the flexible
NiFeB/VC-CP electrode was evaluated by repetitive DPV measurements carried
out by taking 50 and 100 uM DA in presence of 200 uM AA in PBS (pH=7.0)
electrolyte where the relative standard deviations were found to be 1.41 and 4.93%
for 50 and 100 uM dopamine respectively validated the excellent reproducibility
of the electrode (Figure 6A-8). Furthermore, the practical applicability of the

flexible NiFeB/VC-CP electrode in clinical diagnosis was evaluated by carrying
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Figure 6A-7. () Cyclic voltammograms in 0.1 M PBS (pH 7.0) electrolyte containing 200
mM DA and 200 mM AA for 100 cycles at a scan rate of 50 mV st and (b) SEM image of the
electrode after stability study, (c) DPV curves at various deformation conditions in 0.1 M PBS
electrolyte containing 200 mM AA and 50 mM DA and photographs of the electrode under (d)
normal, (e) bending, (f) twisting, (g) rolling, (h) folding and (i) relaxing deformation conditions
of the NiFeB/VVC-CP electrode.

out detection of dopamine in a commercially available dopamine hydrochloride
injections (40 mg mL™) as a certified reference material via standard addition
method where 98 to 104% recovery of the spiked sample (Table 6A-2) confirmed
the practical applicability of fabricated electrode for real-time application

Table 6A-2. Analytical results of NiFeB/VC-CP electrode towards
determination of dopamine from commercially available dopamine

hydrochloride injection.

S. No. | Conc. (taken) | Conc. (added) | Conc. (actual) | Conc. (found) | Recovery (%)
1. 5 UM 5puM 10 pM 9.8 UM 98
2. 5uM 10 pM 15 pM 15.6 pM 104
3. SuM 20 pM 25 uM 25.8 yM 103.2
4. 5 pM 30 uM 35 uM 34.5 M 101.4
5. 5 UM 50 UM 55 UM 54.2 M 985
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Figure 6A-8. Differential pulse voltammogram for the five successive measurements
performed with five separately fabricated NiFeB/VC-CP electrodes at DA concentration (a) 50
umol LT and (b) 100 pM and (¢) & (d) corresponding bar diagram for the measured
concentration performed in 0.1 M PBS electrolyte containing 200 uM AA.

6A-4 Summary

In summary, an eco-friendly cellulose paper based flexible NiFeB/VC-CP
electrochemical sensor was developed by using laboratory Whatman filter paper
(CP) as a substrate via a cost-effective electroless deposition method. The
developed three dimensional flexible electrode can be directly applied for selective
and sensitive detection of dopamine without any additional step for preparing
sensor probe. This sensor establishes a high sensitivity of 35.35 pA uM ™ cm 2 with
improved LOD of 2.1 nM, good selectivity even in presence of various co-existing
interferents, excellent durability as well as it maintains the similar activity under
the various mechanical deformations.
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6B-1 Introduction

Dopamine (DA) is a principal neurotransmitter in the mammalian brain and is
responsible for regulating the neurological functions like locomotion, emotion,
cognition and reward. 1 2 It is getting tremendous attention as abnormal level of
dopamine is closely related to various psychiatric and neurological disorders
including Parkinson’s disease®, Alzheimer’s*, schizophrenia® and attention-deficit
hyperactivity disorder (ADHD).® Besides central nervous system processes,
dopamine also influences various peripheral functions such as hormone release,
gastrointestinal mobility, sodium balance and blood pressure etc.” Hence its
pathophysiological importance demands selective and sensitive detection for the
early stage diagnosis and treatment of associated diseases for the good human
health.

Several dopamine detection techniques including fluorometry,
chemiluminescence,  photochemical analysis  high-performance liquid
chromatography (HPLC), surface plasmon resonance, spectrophotometry and
electrochemical techniques are in practice. Although most of them are highly
advantageous for neurobiological fundamental studies but not appropriate for point
of care diagnosis. In this regard, electrochemical technique is getting tremendous
attraction since it can overcome the limitations associated with aforementioned
techniques such as lengthy procedure, expensive instruments, unsuitability for real
time analysis. Furthermore, the electroactive nature of dopamine is advantageous
for its quantification based on electrochemical response during its redox reactions
at the electrode surface. As a result, development of a quick responding, highly
reliable and easy assessable point of care diagnosis devices for dopamine sensing
is upfront. However, the presence of coexisting electroactive metabolites in body
fluids such as ascorbic acid (AA), uric acid (UA) and glucose interferents® ° along
with the drawbacks like surface passivation, poor stability of the electrode?®,
inefficient sensitivity leading to poor limit of detection (LOD) are the major

challenges of electrochemical dopamine sensors.!!
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Besides the advancement in the material designing, researchers are developing
various approaches to address and circumvent the aforementioned issues. Because
of the structural similarities of DA, UA and AA, most of the conventional
electrodes such as Au, Pt, and glassy carbon electrode (GCE) lacks selectivity
towards their detection.'? The incorporation of highly conductive carbonaceous
material with active metallic nanoparticles is beneficial to achieve well-separated
oxidation peaks and enhanced peak currents of AA, DA, and UA for selective and
sensitive detection.'® Further, the carbonaceous material can have high specific
surface area, strong mechanical strength, excellent electronic conductivity, and
high electrocatalytic activity. As a consequence of which, various carbon materials
such as carbon nanotubes (CNTs), boron-doped diamond, carbon nanofibers,
reduced graphene oxide (rGO) and graphite have been employed to elaborate the
surface of the working electrodes leading towards betterment of LOD.** Formerly,
various effort had been put to improve the LOD by eliminating the interaction with
interferences by using transition metal phosphide/phosphate composites,
functionalized nanomaterials polymers, polyoxometalates etc., among those
transition metal hybrid nanocomposite with carbonaceous materials are considered
as a highly promising candidate.® > In this scenario, the applicability of oxides
of copper and tin towards selective detection of dopamine has been extensively
studied where their promising activity is found to be encouraging towards the
development of bimetallic composite for achieving good LOD.3?° Besides the
development of catalyst material for electrode preparation, there are still many
challenges to get a simple, quick responding, portable, affordable highly effective
biosensors for point of care detection for which miniaturization of the sensor is
mandatory.?* The electrode architecture plays a crucial role to achieve miniaturized
biosensors. In this context, development of flexible electrode capable of
maintaining same activity under various mechanical deformations will be
beneficial towards miniaturization as well as the development of wearable and

foldable sensors.
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Currently practicing carbon and metal foam/foil-based substrates for flexible
electrode fabrication hold many pitfalls including structural fragility,
incompatibility for large scale fabrication and expensive procedures.?? Besides the
disposal of the related end of life product is creating serious environmental issues.
Therefore, to address the above stated issues, the development of eco-friendly,
mechanically stable and biodegradable substrate based flexible electrodes using
cost effective and easily available precursors by straight forward procedure will be
a fruitful strategy. In this context, cellulose paper can be a good option as cellulose
is the most abundant natural biopolymer with high surface area, mechanical
flexibility, biocompatibility and thermal stability, due to which it is emerging as an
ideal substrate for sustainable & eco-friendly energy storage and conversion
applications.?®> The existing methods for fabrication of three-dimensional
electrodes with cellulose paper substrate comprise of solvent free drawing,
thermal evaporation,® soak and drying,?® spin coating,?’ electroless deposition,?®
etc. Amongst these, the electroless deposition is an effective technique because of
its simplicity, rapidity, cost-effectiveness, minimal mechanical damage to the
substrate and uniform coating and moreover it can be utilised for non-conductive

substrates also.2® 0

By considering all aforesaid facts, herein we have chosen cellulose paper (CP) as a
substrate, CuSnB over Vulcan carbon (VC) as an active electrode material and
electroless deposition as a fabrication procedure to develop flexible electrode
towards selective and sensitive detection of dopamine. With this view point, highly
active metallic CuSnB nanoparticles were decorated over highly conductive
Vulcan carbon coated cellulose paper by electroless deposition method. Thus,
fabricated electrode was applied directly as flexible electrode for electrochemical
sensing of dopamine without any additional step for sensor probe preparation. The
as fabricated electrode achieved a uniform coating of active material over the
substrate surface which is fairly stable over 500 cycles and even under various

mechanical deformations. Thus fabricated CuSnB/VC-CP electrode demonstrates
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a high sensitivity of 3.92 pA pM™ cm with expanded detection range of 5 nM to
300 uM even in the presence of interferents such as uric acid, ascorbic acid and

glucose.
6B-2 Electrode fabrication

6B-2.1 Fabrication of VC-CP: A piece of CP (Whatman filter paper) of size 1cm
x 1cm was dipped in acetone and sonicated for five minutes then thoroughly
washed with deionised water and dried in hot air oven at 60 °C. The dried cellulose
paper was coated with the VC paste (VC: PVDF, 3:1) dispersed in N-
methylpyrrolidone (NMP) and dried at 60°C for complete dryness.

6B-2.2 Fabrication of CuSnB/VC-CP: The carbon coated cellulose paper (VC-
CP) was dipped in 15 mL ice cold solution containing 3.75 mmole SnCl, 1.25
mmole CuSO4and 2.5 mmole trisodium citrate and further kept in an ice bath in
which sodium borohydride solution (12 mmole NaBH4 in 10 mL deionized water)
was slowly added from the walls of the container and kept as such till the
effervescence siezed. After the completion of the reaction the paper substrate was
washed thoroughly with deionized water and finally with ethanol water (1:1)
solution and dried at 60°C in hot air oven. Similarly, fabrication of control
electrodes i.e. CuB/VC-CP and SnB/VC-CP were performed by taking respective
metal salt only with the same procedure. The copper and tin ratio was optimized
by varying the molar ratio of Cu and Sn from 1:1, 1:2, 1:3, 2:1 and 3:1 by keeping

the total number of moles of metal salt to be similar.
6B-3 Results and discussion

6B-3.1 Physical characterization: The cellulose paper based flexible CuSnB/VC-
CP electrode was fabricated by a cost effective straightforward electroless
deposition method. First of all, the cleaned cellulose paper (CP) paper was coated
with a conductive carbon layer by applying the VVC paste. The carbon coated paper

was placed for electroless deposition in an ice-cold bath solution containing CuSO4
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Figure 6B-1. PXRD pattern of (a) bare cellulose paper and various flexible electrodes, (b)
CuSnB/VC-CP electrode, SEM images of (c) VC-CP, (d) CuSnB/VC-CP and (e) FE-SEM
image of CuSnB/VC-CP electrode.

and SnCl, where the addition of strong reducing agent NaBHas resulted in the
deposition of CuSnB over the surface of VC-CP. The structural pattern of the as
fabricated flexible electrodes (CuB/VC-CP, SnB/VC-CP, CuSnB/VC-CP) and
cellulose paper was investigated by powder X-ray diffraction (PXRD) analysis
(Figure 6B-1a & b). The CuSnB/VC-CP demonstrated the characteristic peaks of
planes (021), (002) at 23.8" and 34.9° corresponding to Cu(OH), (PDF no. 01-080-
0656) and for (200), (101), (220), (211) at the angle of 226 value 30.6°, 32.0", 43.8°
and 44.9° respectively corresponding to metallic Sn (PDF no. 00-004-0673). In
addition to it the planes corresponding to SnO (PDF no. 01-072-2324) i.e. (101),
(011) and (110) were also observed at 31.3°, 32.3", 34.2" respectively. Similarly, it
exhibited additional peaks at 20 value of 16°, 17.5", 23.7" and 35.3" corresponding
to the crystalline cellulose planes (110) (110), (200) and (004) respectively3!
alongwith the graphitic carbon peak at an angle of 26.4°. These findings evidenced
the successful modification of VC-CP surface with CuSnB. The morphological

investigation of the as fabricated electrodes was then analysed by scanning electron
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Figure 6B-2. Elemental dot mapping images for (a) selected area, (b) Sn, (c) Cu, (d) O (e) C
and (f) B of CuSnB/VC-CP electrode.

microscopy (SEM) and field emission scanning electron microscopy (FE-SEM).
The deposition of the Vulcan carbon over the cellulose paper surface was evidenced
by SEM image in Figure 6B-1c whereas the deposition of CuSnB over VC-CP was
verified by Figure 6B-1d. Similarly the FE-SEM image evidenced the leaf like
morphology of the deposited CuSnB over the VC-CP Figure 6B-1e. Further the
uniform distribution of these elements over the scan area was confirmed by the
EDS elemental dot mapping images (Figure 6B-2). The elemental surface
composition of the CuSnB/VC-CP was analysed by X-ray photoelectron
spectroscopy (XPS). The existence of peaks at binding energy 932, 486, 532, 284.5
and 190 eV in XP survey spectra (Figure 6B-3a) affirmed the presence of Cu, Sn,
O, C and B respectively. The high-resolution XP spectra of Cu 2p showed two
major peaks at 933 and 953 eV corresponding to Cu 2ps;2 and Cu 2p1/2 evidencing
the existence of Cu in +2 oxidation state (Figure 6B-3b).32 Similarly, the peaks at
binding energies of 484.5 & 493 eV and 486.5 & 495 eV upon decovolution of
high resolution XP spectra of Sn confirmed the presence of Sn in 0 and +2 oxidation
state (Figure 6B-3c).3 Furthermore, the existence of B° peak at 187 eV along with
BOx peak at 192 eV in the deconvoluted B1s spectra(Figure 6B-3d) as well as C-
O and M-O peaks in the O 1s spectra (Figure 6B-3f) supported the presence of
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Figure 6B-3. (a) XP survey spectra and and deconvoluted XP spectra of (b) Cu 2p, (c) Sn 3d,
(d) B 1s, (e) C 1s and (f) O 1s of CuSnB/VC-CP electrode.

CuSnB in the as fabricated electrode.?® 3

6B-3.2 Electrochemical studies towards dopamine sensing: In order to examine
the electrochemical behaviour of the as fabricated CuSnB/VC-CP electrode
towards dopamine detection cyclic voltammetry (CV), differential pulse
voltammetry (DPV), chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) studies were performed by taking the paper electrode as a
working electrode (WE), with Ag/AgCl/3M KCI and Pt-wire as a reference and
counter electrode respectively in 0.1 M phosphate buffer solution (PBS) at pH=7.0.
Initially, the CV studies were performed in 50 uM DA and 200 uM AA containing
PBS electrolyte at a scan rate of 20 mV s for differnt CuSnB/VC-CP variant
electrodes prepared with different metal precursor ratio. The obtained CV (Figure
6B-4a) demonstrated a well-defined redox behaviour with peaks centered around
0.20 and 0.10 V vs. Ag/AgCI/3M KCI for all variants which evidenced the
formation of oxidised product of dopamine i.e. dopaminoquinone during oxidation
and its subsequent reduced product dopamine during reduction respectively.
Among the different variants, CuSn(1:3)B/VVC-CP was found to be the best variant
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Figure 6B-4. (a) & (c) CV and (b) & (d) DPV, (e) EIS and (f) Cq for various flexible
CuSnB/VC-CP electrodes in 0.1 M PBS electrolyte containing 50 mM DA and 200 mM AA
DPV: step height of 10 mV, pulse width of 900 ms, CE: Pt wire, RE: Ag/AgCI/3 M KCI.

as observed by maximum current density presumably due to oxidation of DA which
was further supported by DPV (Figure 6B-4b). Similarly, CV and DPV
experiments were performed for corresponding monometallic variants (CuB/VC-
CP and SnB/VC-CP) to compare the activity with bimetallic variant (CuSnB/VC-
CP). The monometallic variants CuB/VC-CP and SnB/VC-CP showed less intense
peaks in comparison to bimetallic variant CuSnB/VC-CP (Figure 6B-4c & d). The
superior activity of the CuSnB/VC-CP can be attributed to the improved electronic
properties by the incorporation of an additional metal, which led to the enhanced
electron transport at the electrode-electrolyte interface and ultimately boosted the
overall performance of the sensor during the electrooxidation of the dopamine. The
improvement in the electrochemical activity was further evidenced by the
electrochemical impedance spectroscopic (EIS) spectra recorded at 0.20 V vs.
Ag/AgCI/3M KCI with the frequency range 25 Hz to 2.5 MHz. The charge transfer
resistance (Rct) is directly related to the kinetics of the electrode reaction as the

higher R indicates the slower kinetics whereas lower value specifies the facile
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Kinetics towards electrode reaction. Therefore, the lowest R¢t of CuSnB/VC-CP in
comparison to their monometallic variants demonstrated the better activity towards
electrooxidation of dopamine (Figure 6B-4e). Similarly, the electrochemical
surface area (ECSA) is another key parameter for the determination of the kinetics
of the electrode reaction. Higher the value of ECSA, greater is the number of
electrochemical active sites and consequently the electrode reaction kinetics is
more facile. Thus, the ECSA was determined by estimating the double layer
capacitance (Cal) of the electrode since it is directly proportional to ECSA. The
CuSnB/VC-CP electrode demonstrated the higher Cq than their monometallic
variant electrodes which further supported the improved Kkinetics of the
CuSnB/VC-CP electrode over CuB/VC-CP and SnB/VC-CP electrodes (Figure
6B-4f and Table 6B-1).

Table 6B-1: Electrochemical surface area (ECSA) of various electrodes.

S. No. Composite C, (HF) @ 0.0 V vs. Ag/AgCI/3M KCI ECSA (cm?)
1. CuB/VC-CP 116 2.9
2. SnB/VC-CP 142 3.55
3. CusnB/VC-CP 185 4.62

The sensitivity of the fabricated CuSnB/VC-CP electrode towards dopamine
sensing was evaluated qualitatively and quantitatively using various CV, DPV,
chronoamperometry (CA) and EIS techniques at various concentrations of
dopamine (from 5 nM to 300 uM) in presence of 200 pM ascorbic acid. The CVs
recorded for various concentration of dopamine (Figure 6B-5a) demonstrated the
continuous increment in the oxidation current density with increase in dopamine
concentration without any significant oxidation peak corresponding to ascorbic
acid, which signified the ability of the fabricated CuSnB/VC-CP electrode for
catalysing the electrooxidation of dopamine. In the similar fashion, the DPV
(Figure 6B-5b) demonstrated the sharp increment in the oxidative peak current

intensity with increasing concentration of the dopamine with no corresponding
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Figure 6B-5. (a) CV, (b) DPV, (c) plot of current density versus concentration of DA extracted
from Figure 6B-5b (d) EIS, (e) chronoamperometric response of flexible CuSnB/VC-CP

electrodes in 0.1 M PBS electrolyte containing 200 mM AA and various concentrations of DA

oxidation peak of ascorbic acid further evidenced the absence of ascorbic acid
interference. The quantitative evaluation of the sensitivity of the as fabricated
CuSnB/VC-CP electrode towards dopamine sensing was carried out from the linear
plot between concentration of dopamine and current density extracted from DPV
(Figure 6B-5b). As shown in Figure 6B-5c, three linear ranges from 5 nM to 2 uM,
and 5 uM to 50 uM and 75 uM to 300 mM with LOD 0.5 nM were observed which
demonstrated the admirable sensitivity and LOD towards dopamine sensing.
Furthermore, the effect of concentration on the kinetics of electrooxidation of
dopamine was analysed by EIS study (Figure 6B-5d). The continuous reduction in
charge transfer resistance of the CuSnB/VC-CP upon the increment of the
concentration of the dopamine signified the improved kinetics towards DA
oxidation due to the facile electron transport at the electrode electrolyte interface.
Similarly, sequential chronoamperometric study for two minutes was carried out

with successive addition of dopamine concentration. The corresponding current
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Figure 6B-6. (a) Cyclic voltammograms in 0.1 M PBS electrolyte containing 200 mM DA and
200 mM AA at various scan rates ranging from 10 to 100 mV s*and (b) corresponding peak

current density versus square root of scan rate curve for CuSnB/VC-CP electrode.

response for subsequent increment of dopamine concentration ranging from 5 nM
to 300 UM resulted a staircase like increment pattern of current density with time
(Figure 6B-5e) evidenced the superior sensitivity of the CuSnB/VC-CP electrode
towards dopamine detection. Additionally, the electrocatalytic response towards
dopamine sensing behaviour at different scan rates was evaluated by performing
CV at various scan rates 10 mV s to 100 mV s* (Figure 6B-6a). The linearity
between the peak current density and the square root of scan rate (Figure 6B-6b)
evidenced the electrochemical oxidation/reduction process of dopamine by
CuSnB/VC-CP to be a diffusion controlled process.

As the body fluid contains the other interfering electroactive endogenous chemicals
like uric acid, glucose, ascorbic acid etc. along with DA, therefore the selective
detection of dopamine along with sensitivity is equally important to realize the
practical applicability of the prepared CuSnB/VC-CP flexible electrode. Thus, the
selectivity of the as fabricated CuSnB/VC-CP flexible electrode towards dopamine
sensing was evaluated by performing DPV with various concentration of dopamine
in presence of ascorbic acid (1000 uM), glucose (3000 uM) and uric acid (200 uM)
under the similar conditions as shown in Figure 6B-7a-d. A negligible change in
the overall current response was observed as shown in Figure 6B-7e even in the

presence of high concentration interfering species and no variation in current
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Figure 6B-7. Differential pulse voltammograms (a) various concentrations of DA only and in
presence of interferants (b) 1000 uM AA, (c) 200 uM UA and (d) 3000 uM glucose at various
concentrations of DA and (e) bar diagram representing the normalized current with respect to
interferents at a 300 mM concentration of DA for CuSnB/VC-CP electrode.

response was witnessed at different DA concentrations, signifying the virtuous
selectivity towards dopamine sensing. Besides sensitivity and selectivity, the
stability of the electrode also plays a vital role for the practical application of the
as fabricated CuSnB/VC-CP electrode. The CV measurement was carried out for
500 cycles for the evaluation of the electrode behaviour during long term
measurement, an insignificant decay in the current response (Figure 6B-8a) was
observed which was further supported by the SEM image (Figure 6B-8b).
Similarly, the DPV measurement during various deformation conditions including
bending, rolling, twisting, folding and relaxing was carried out for the evaluation
of the electrode performance under mechanical deformations. The negligible
change in current response under various mechanical deformations (Figure 6B-8c)
signified the robustness of the as fabricated flexible CuSnB/VC-CP electrode
towards dopamine sensing. Moreover, the applicability of the electrode for clinical

diagnosis was examined via standard addition method by taking commercial
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Figure 6B-8. (a) Cyclic voltammograms in 0.1 M PBS (pH 7.0) electrolyte containing 200 mM
DA and 200 mM AA for 500 cycles at a scan rate of 50 mV s and (b) SEM image of the
electrode after stability study, (c) DPV curves at various deformation conditions in 0.1 M PBS
electrolyte containing 200 mM AA and 50 mM DA and (d) bar diagram comparing the current

Deformations

density response during various deformations.

Table 6A-2. Analytical results of CuSnB/VC-CP electrode towards
determination of dopamine from commercially available dopamine

hydrochloride injection.

S. No. | Conc. (taken) | Conc. (added) | Conc. (actual) | Conc. (found) | Recovery (%)
1. 5uM 5uM 10 uM 10.1 uM 101
2. 5uM 10 uM 15 uM 14.6 uM 97
3. SuM 20 uM 25 uM 26.0 uM 104

dopaminehydrochloride injection (40 mg mL™) as a certified reference material.
The recovery range (98-104 %) as shown in table Table 6B-2 demonstrates the
applicability of the flexible CuSnB/VC-CP electrode for practical clinical analysis

as well.
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6B-4 Summary

In this chapter, a novel eco-friendly flexible CuSnB/VC-CP electrode was

developed by using biodegradable cellulose paper substrate via straight forward

electroless deposition approach. This three dimensional electrode can be directly

used for the electrochemical sensing applications which achieved a good sensitivity

with excellent selectivity and durability towards dopamine detection. Moreover,

the retention of the electrochemical activity under various mechanical deformations

verified its potential application for flexible devices. In this way this work can be

inspiring to the researchers for the development of wearale, foldable sensors for

point of care sensing devices.
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Chapter 7

Summary and future perspectives

7-1 Summary

Although the planetary energy reserve contains many folds renewable energy than
the finite source of energy but around 80% of current global energy consumption
is dependent on fossil fuel only. The energy extraction practice from fossil fuel not
only depletes reserves but also creates serious environmental as well as health
issues. Therefore, it is necessary to promote green energy production from clean
and renewable sources. Among the various renewable energy resources, solar
power, wind power, hydropower, and geothermal power are in current practice but
all these systems involve continuous electricity generation which cannot be stored
in current form for later use. So, one of the best ways to maximise utilization of the
produced energy can be either conversion to value-added product or storing in an
energy storage device. Among the energy conversion options, hydrogen (H>)
production from water electrolysis is a sustainable option since Hy itself is a zero-
emission energy as well as prime feeding gas for many industrial applications.
Moreover, about 1% of global energy consumption is involved in Hz production
only. Similarly, the zinc-air battery can be an attractive choice for the energy
storage device owing to its high energy density, involvement of air as a feedstock
and more importantly it works with aqueous electrolytes with very low hazardous
risk. But, the performance of these devices highly relies on the activity of the
electrode materials. Currently practising commercial electrolyzer contain a rigid
electrode coated with electrocatalyst ink, where the involvement of an insulating
binder for ink preparation hinders the electrocatalytic activity and moreover during
the operation at high current density, the loss of catalyst materials is also

problematic. In this context, the development of self-standing binder-free three-
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dimensional flexible electrodes can be beneficial for efficient electrocatalytic
performance. Additionally, the flexible electrodes can demonstrate device-friendly
opportunity for any kind of reactor as well as portable and foldable electronics due
to their stability under various mechanical deformations without alteration in the

electrocatalytic activity.

Heading towards the development of flexible electrodes, contemporary researchers
have explored common substrates like metallic wire, foam and foils (mainly nickel,
titanium and iron), carbon paper etc. with satisfactory conductivity. However, their
limitations such as poor flexibility, high cost, heaviness, fragility and the non-eco-
friendly nature may adversely affect their flourishment. In this regard, carbon cloth
and cellulose papers are promising substrates for electrode materials owing to their
extensive availability, lightweight, low cost and mechanical flexibility. In addition
to the choice of substrate, the electrode fabrication strategy is equally important.
Currently practising fabrication techniques includes bar coating, screen printing,
soak and drying, sputtering, chemical vapor deposition, electroless deposition,
electroless plating methods etc. Amongst them, the electroless deposition method
stands out as the economical way to achieve uniform coating along with its less
hazardous nature and time efficiency. The biggest challenge of the electroless
deposition is the use of the noble metal-based PdCl, and SnCl, reagents for
sensitization-activation of the substrate which hikes the overall fabrication cost. So,
the highlight of the present study involves the elimination of expensive PdClI, and
SnCl,-based activators/sensitizers in the course of electroless deposition during the

electrode fabrication.

Secondly, the sluggish kinetics of the electrochemical reactions that are involved
in the energy conversion and storage devices significantly hinder their energy
efficiency and practical application. Although Ir/Ru- and Pt-based electrocatalysts
are well-established for OER and HER/ORR, the low natural abundance and high
cost of these precious metals impede their wide application. More importantly,

pairing two different electrodes for OER and HER increase, reaction complexity

182



Summary and future perspective ...

and overall manufacturing cost. Therefore, it is highly attractive to design and
develop efficient and low-cost water splitting catalysts made of earth-abundant
elements. Among non-precious metal based electrocatalysts, transition metal-based
catalysts especially Ni and Fe-based bimetallic sulfide, phosphide, boride etc. are
known to exhibit the most promising activity towards overall water splitting owing
to their high electrical conductivity, earth abundance, high activity and excellent
stability in alkaline media. Therefore, the development of Ni and Fe-based
electrocatalysts with good multifunctional activity towards various half reactions
Is more beneficial for practical applications of renewable energy conversion and
device integration technologies. The strategy is advantageous on account of
rationalizing the device fabrication and bringing down the overall cost. In this
thesis, the aforementioned issues have been addressed by developing a single
electrode as an alternative to the precious metal-based electrodes that can catalyze
the three/two electrocatalytic processes (like OER, ORR, and HER or NRR)

simultaneously.

First of all, Ni and Fe sulphide and phosphides decorated carbon cloth electrodes
were explored as promising bifunctional electrocatalysts towards overall water
splitting. Herein, the electroless deposition approach was explored for growing
NiFeS and NiFeP over the highly flexible carbon cloth substrate. The carbon fiber-
based substrates are of great research interest for various applications due to their
high flexibility, low cost, corrosion resistance property and good biocompatibility
as compared to metal foams or foils. Therefore, the development of carbon cloth
(CC) based flexible electrodes with deposition of non-noble metal based
electrocatalyst by just a simple dip-coating method adds up an initiation to develop
a straightforward method towards flexible electrode fabrication. Conventionally,
electroless deposition involves surface activation and sensitization using SnCl, and
PdClI> followed by direct chemical reduction of the metal ion on the substrate. The
present study eliminated the use of expensive PdCl, and SnCl; based

activators/sensitizers to reduce the overall manufacturing cost by the introduction
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of functional groups on the carbon cloth which provides strong adsorption of metal
ions and simultaneously enhance the conductivity along with mass transport
kinetics. The fabricated electrode was used directly as a flexible electrode which
demonstrated a good bifunctional activity towards electrochemical water splitting
in alkaline media and also showed good flexibility and electrochemical
performance under various mechanical deformations (bending, twisting, folding

etc.).

Despite being a clean and eco-friendly technology, the current commercial
technologies for water electrolysis urge high-purity water which in turn hinders the
broader implementation of the water electrolysers, especially in those areas having
a shortage of freshwater even for drinking purposes. The real scenario of the water
distribution constitutes 96.5% of the total water on the earth is seawater whereas
the availability of non-frozen freshwater is less than 1% only. In this aspect, the
development of a water electrolyser, in which low-purity water or seawater can be
directly employed as a feedstock may serve as an alternative for cost-effective and
sustainable exploration of electrolyzers for green H> production. Nevertheless,
direct seawater splitting has significant drawbacks such as the presence of chloride
ions in high concentration reduces the faradaic efficiency due to competition with
chloride oxidation reaction, and the lifetime of electrolyser is limited due to the
impurities present. Furthermore, the high concentration of chloride ions in the
seawater feedstock may also result in toxic chlorine gas evolution at the anode in
competition with the oxygen evolution reaction. Thus, the development of an
alkaline water electrolyzer consisting of electrode material with good activity and
high resistivity towards chloride ion corrosion could be a beneficial approach for
sustainable seawater splitting. Herein, a facile and cost-effective fabrication
strategy has been demonstrated for the fabrication of the binder-free three-
dimensional carbon cloth flexible electrode incorporated with active electrocatalyst
NiFeB over oxygen functionalized carbon cloth, OCC (i.e., NiFeB@OCC) by a

simple electroless deposition method. The prepared electrode provided the three-
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dimensional scaffold which could enable effective mass transport, facilitate the
adsorption of reactant species and also inhibit the gas bubble accumulation over
the electrode surface. Moreover, it demonstrated the remarkable performance
towards OER, HER and overall water splitting in 1 M KOH as well as in 1 M KOH
+ 0.5 M NaCl electrolyte system with excellent stability. This study can act as a
stepping stone towards green hydrogen production via saline water electrolysis.

After exploring carbon cloth based flexible electrodes, our research was focused
towards the search for biodegradable substrate-based three-dimensional electrodes.
For this, bio-based materials such as cellulose paper (CP) can be a good alternative
as a cost-effective and biodegradable substrate. But the biggest hurdle for its
exploration as an electrode material is the absence of a conductive pathway for the
electric circuit because of its insulating nature. In this regard, the surface
modification of cellulose paper with conductive metal composites is an effective
route to induce conductivity. Herein, a cost-effective and straightforward approach
has been developed to convert an insulating cellulose paper into a conductive
substrate (designated as NiB-CP) via electroless deposition and this NiB-CP was
employed as an eco-friendly substrate for flexible electrode development. Firstly,
NiP/NiB-CP electrode was developed via two-step electroless deposition followed
by an electrodeposition approach. This NiP/NiB-CP electrode possesses excellent
bifunctional activity and long-term durability in both alkaline pure water and
seawater electrolytes. This work opened an area for the development of cellulose
paper based self-standing three-dimensional flexible electrodes for overall

water/seawater splitting.

In addition to augmented energy demand, the incessantly increasing world’s
population also stresses high fertilizer production to provide the basis of nutrition.
Therefore, the synthesis of NHz is of huge significance, since it is a prime
constituent of fertilizers as well as a novel green H; storage material. But the
commercial production of ammonia highly relies on the Haber-Bosch process

which has several disadvantages viz. requirement of harsh operating conditions,
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consumption of 2-3% of the world’s energy and responsible for the more than 2%
of global CO> emissions. Among various existing technologies, electrochemical
nitrogen reduction has received a tremendous attraction for ammonia production
with minimum energy consumption and reduced carbon footprint, as ammonia can
be produced by using water as the hydrogen source under ambient conditions but
requires a power source. On the other hand, rechargeable metal-air batteries are
emerging as a potential candidate for energy storage systems owing to their high
energy density and straightforward fabrication procedure. The potentiality of these
above-mentioned technologies relies upon three important electrochemical
reactions determining the overall efficiency of the system viz. nitrogen reduction
reaction (NRR), oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) which have sluggish kinetics.Therefore, the development of an electrode
with trifunctional activity towards these electrochemical reactions is crucial. In
order to address these issues an eco-friendly cellulose paper based three-
dimensional flexible electrode was developed by taking NiB-CP as a substrate over
which active catalyst FesOs nanospheres composed of thin nanosheets were
decorated by electrodeposition. Since metal oxides having a porous structure with
controlled morphology is beneficial to facilitate mass transport by exposure to a
maximum number of active sites resulting in an improved activity. Thus, the
fabricated electrode demonstrated promising NRR activity along with long-term
stability. Additionally, the oxygen bifunctional activity for the designed electrode
as an air-cathode for an aqueous Zn-O> battery was also studied. Remarkably, its
practical applicability was confirmed by Zn-O. battery and electrochemical
nitrogen reduction performance using the same battery as a power source. These
exciting activities and the straightforward fabrication strategy may act as a
milestone in the development of cost-effective and eco-friendly flexible electrodes

towards electrochemical energy conversion and storage applications.

Thereafter, the same strategy was applied to develop eco-friendly cellulose paper

based self-standing three-dimensional flexible electrodes exhibiting trifunctional
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activity towards ORR, OER and HER for self-powered water splitting. Herein,
NiFeP composite as an active electrocatalyst was decorated over NiB-CP by the
electrodeposition method which was directly used as a working electrode for
electrochemical applications. Thus, the developed electrode demonstrated good
trifunctional activity towards ORR, OER and HER. A Zn-O; battery was
established with the designed electrode as an air-cathode which exhibited a good
power density and high specific capacity, with stable cyclability. Additionally, this
Zn-0O; battery was able to power an alkaline water electrolyser to perform overall

electrochemical water splitting.

Besides the problems associated with energy, the consumption of fossil fuels also
caused environmental pollution which may result in serious health issues. Polluted
air may affect different body systems which can result in various hormonal
imbalances, for instance, dopamine which is a major neurotransmitter has been
reported to fluctuate with exposure to non-healthy living conditions mainly .
Therefore, identification of dopamine levels is important for clinical diagnosis and
treatment purposes. Herein, cellulose paper based three-dimensional flexible
electrodes were explored towards selective and sensitive determination of
dopamine. We have made the cellulose paper conductive by coating Vulcan carbon
(VC) over it followed by electroless deposition of NiFeB as active material. The
NiFeB/VC-CP and CuSnB/VC-CP electrodes were fabricated by the electroless
deposition of NiFeB and CuSnB nanoparticles over the VC-CP substrate
respectively and directly employed as a three-dimensional flexible electrode
towards electrochemical dopamine sensing without any additional step for
preparing sensor probe. As prepared electrodes demonstrated good sensitivity
along with a wide detection range even in the presence of a high concentration of
ascorbic acid, glucose and uric acid interferents. Moreover, fair stability during
long-term electrolysis as well as under various mechanical deformations were

achieved. The inspiring activities and the straightforward fabrication strategy may
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act as a milestone in the development of conductive paper electrodes towards

electrochemical dopamine sensing as well as in other electrochemical arenas.
7-2 Future Perspective

This thesis mainly highlighted the designing and fabrication of the self-standing
three-dimensional flexible electrodes for electrochemical energy conversion/
storage and biosensing applications especially water/sea water splitting,
electrochemical dinitrogen reduction, Zn-O; battery and electrochemical dopamine
sensing applications which are discussed in this report. Besides, this study has
created some exciting future opportunities to explore the flexible electrodes for

various electrochemical applications which are mentioned below.

1. Herein, transition metals NiFeS@OCC, NiFeP@OCC, NiFeB@OCC,
NiP/NiB-CP, Fe304/NiB-CP, NiFeP/NiB-CP, NiFeB/VC-CP and CuSnB/VC-
CP electrodes have been explored for bi/trifunctional systems and biosensing
applications. These electrodes can be explored for other energy conversion/
storage applications such as HCI electrolysis, CO2 reduction, supercapacitors
etc.

2. During this study, a biodegradable substrate-based NiB-CP three-dimensional
conductive substrate compatible with Ni-foam has been developed which can
be explored for the current collector as an alternative to Ni-foil/Ni-foam.

3. The present study explored carbon cloth and cellulose paper as a substrate for
flexible electrode preparation so other eco-friendly substrates such as PET film,
cotton cloth, and polymers can be explored as potential substrates for electrode
development.

4. The developed NiB-CP can be used as a substrate for the deposition of various
metals by means of electrodeposition and directly employed as an anode for the
development of eco-friendly all paper-based metal-air batteries.

5. Herein, Vulcan carbon was employed as conductive support, other conductive
carbon supports such as MNC, CNT, CNS etc. can be explored as a base
materials over the biodegradable substrate to grow active electrocatalyst
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towards the development of energy conversion and storage as well as
biosensing applications. These flexible electrodes can be explored as a zinc air

battery powered wearable sensor for biosensing applications.
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