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Preface

1. Introduction: The growing population and the digitization era drive up the global energy demand,
which is expected to rise even faster in the coming years. A significant amount of energy is currently
being produced from the fossil fuels such as petroleum, natural gas, coal, and so on. However, these
energy sources are not enough to fulfill the requirement of the world population. In addition,
environmental pollution is a significant issue associated with the fossil fuel-based energy sources. To
avoid the harmful effects of the fossil fuels on the environment and to ensure a safe and healthy future,
the non-renewable energy sources must be replaced with the appropriate renewable technologies. Based
on the current scenario, even though the research on the renewable energy (wind, tidal, solar,
geothermal, etc.) is being well-progressed to tackle this issue, due to the intermittency of such renewable
resources, alternative electrochemical energy storage and energy conversion technologies are urgently
needed to effectively bridge the technological gaps. The electrochemical water splitting, fuel cells, and
rechargeable zinc-air batteries (RZABs) have been identified as the major electrochemical energy
technologies that can suit to catering the diverse practical needs in terms of energy efficiency.

2. Statement of the problem: The development and commercialization of such devices (water splitting,
fuel cells, and RZABSs) have been affected by the issues related to the performance and cost of operation
and system. The two electrode reactions that occur in the case of water electrolysis are the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER) at the cathode and anode,
respectively. Similarly, the hydrogen oxidation reaction (HOR) at the anode and the oxygen reduction
reaction (ORR) at the cathode are the involved primary reactions in a hydrogen fuel cell. In addition,
OER and ORR are the primary reactions that occur at the cathode of an RZAB during the charging and
discharging processes, respectively. It is known that ORR and OER are the two prominent electrode
processes that determine the efficiency of the electrochemical devices which deal with such reactions.
However, the oxygen reactions (ORR/OER) suffer from sluggish kinetics, which significantly suppress
the overall performance of the respective electrochemical energy devices. Hence, improved
performance and durable ORR/OER catalysts are highly desirable. Over the last decade, substantial
progress has been made to improve the performance and durability of the various electrochemical
energy devices by introducing electrocatalysts with better activity characteristics for facilitating the
desired reactions. To design an electrocatalyst, mostly two approaches are being adopted: (i) increasing
the intrinsic activity of the catalyst by controlling the structure, morphology, and composition of the
electrocatalyst, and (ii) increasing the number of the active sites with the help of suitable support

morphologies and composition-controlled electrocatalyst systems.

3. Objectives: A survey of the existing electrocatalysts for many of the above-mentioned applications
reveals that most of the catalysts are based on 1-dimensional (1D) and 2-dimensional (2D) conducting
carbon supports. A major drawback of such materials is the inability to deliver the full activity in the

electrodes due to the reasons such as aggregation of the particles and pore-blocking during the processes
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involved in the electrode fabrication. This leads to a lowering of the electrochemical active surface area
(ECSA) and mass transfer issues by concomitantly increasing the overpotentials associated with the
electrode reactions. To overcome these issues associated with the ORR/OER electrocatalysts, the
present dissertation explores various strategies for active interface engineering, mainly by developing
electrocatalysts with 3-dimensional (3D) morphologies. These 3D structured electrocatalysts are
expected to better retain their morphological features and, thereby, the intrinsic activity characteristics
during the process involved in the conversion of the catalysts to the electrodes. The main objectives of
the works covered in the thesis are as follows:

1. Modulating the surface area and porosity characteristics of the electrocatalysts for ORR/OER
applications by developing catalysts based on 3D graphene supports with an aim to improve
the mass transport properties of the gaseous reactants and products released during the
electrochemical process along with better electrode-electrolyte interface formation.

2. To gain additional performance enhancement from the 3D graphene scaffolds as substrates for
catalysts by inducing nitrogen doping into the graphene framework by which efficient
anchoring sites for the dispersion of the desired active sites can be achieved.

3. To increase the structural integrity of the electrocatalysts under the drastic electrochemical
environments by employing more corrosion resistant 3D graphene-based electrocatalysts and,
thereby ensure better long-term performance under a range pH conditions.

4. To develop various 3D graphene-based electrocatalysts by decorating active components such
as layered double hydroxids, and spinel metal oxide nanoparticles to explore possibilities for
achieving better catalysts with modulated performance characteristics for OER and ORR.

5. To improve the mass transfer properties of the 3D support by inducing microporosity which
helps for dispersing small-sized platinum-cobalt alloy (PtsCo) nanoparticles, leading to

improved ORR performance in acidic conditions.

4. Methodology: The present dissertation explores various strategies for the active interface
engineering by developing electrocatalysts with 3D morphologies for ORR and OER applications. The

outcome of the individual chapters is highlighted below.

Chapter 1 introduces the importance of the electrochemical energy technologies such as
electrochemical water splitting, rechargeable ZAB, and PEMFC, along with detailed discussions on
their working principles. This chapter covers the reaction mechanisms associated with the individual
electrochemical reactions in each case and the important role of the oxygen electrocatalysts in deciding
the overall device performance. Furthermore, the chapter also includes a concise state-of-the-art survey
of the development of the 3D carbon-supported platinum and platinum-free electrocatalysts for ORR
and OER applications. The obtained activity and the major drawbacks associated with the existing

electrocatalysts developed by various research findings are described systematically. Further, this
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chapter also discusses the general strategies adopted to improve the activity of the electrocatalyst

materials and their generally adopted synthesis methodologies.

Chapter 2 describes the preparation of nitrogen-doped entangled graphene framework (NEGF)
decorated with the nickel-iron layered double hydroxide (NiFe-LDH) nanostructures by an in-situ
solvothermal method followed by freeze-drying (NiFe-LDH/NEGF). NiFe-LDH is known as an active
catalyst for the electrochemical OER process. The layered structure of LDH allows the intercalation of
water and anions during the electrochemical OER process and, therefore, displays bulk redox activity.
The primary activity degradation factors for NiFe-LDH include insufficient electronic conductivity,
poor active center exposure, and hindered reaction species transport. By keeping all these performance-
constraining factors under consideration, in the present case of the work, by anchoring the NiFe-LDH
over NEGF, improved performance could be achieved on NiFe-LDH/NEGF. Through this rational
designing strategy, the NEGF acted as a useful active support by tuning the electronic structure and
distribution of NiFe-LDH along with its role as a substrate to provide an open and exposed catalytic
architecture. The freeze-drying method helped to prevent the restacking of the graphene sheets. The
incorporation of NEGF has significantly reduced the overpotential for the electrochemical oxygen
evolution reaction (OER) in 1 M KOH solution. This corresponds to an overpotential reduction from
340 mV for NiFe-LDH to 290 mV for NiFe-LDH/NEGF to reach the benchmark current density of 10

mA cm2,

Chapter 3 deals with the development of Cos04 nanorod bearing NEGF (CosO4/NEGF) as a versatile
noble metal-free ORR electrocatalyst and its application as an air-electrode in the primary zinc-air
battery (ZAB). In a ZAB, the discharge process involves ORR at the cathode, and the slow kinetics of
the process lowers the efficiency of the system performance, especially in the case of precious metal-
free electrocatalysts. The spinel structures of the cobalt oxides are being explored as electrocatalysts,
including for ORR applications, where the mixed valency of Co in Co3O4 (i.e., Co?* and Co*") plays a
vital role in the fcc crystal structure. The mixed valency of cobalt helps in establishing a better electron
transport mechanism and, thereby, towards preferable electrochemical activity. Further, to improve the
intrinsic ORR characteristics, recently, the shape and size-controlled design of the metal oxide-based
catalysts has also been executed. Among them, the nanorods of the cobalt oxide have become an
interesting class of 1D morphology that helps to facilitate rapid charge transport and also assures
adequate diffusion of the reactants. However, the cobalt oxide-based electrodes suffer from the
limitation of their poor electronic conductivity. Hence, to utilize the full potential of CosO4 nanorods
by effectively tackling the issues related to conductivity and mass transfer, this chapter highlights the
efforts made in the direction of developing and demonstrating CozO4/NEGF, which consists of Co304
nanorods uniformly distributed over nitrogen-doped entangled porous 3D-graphene (NEGF), as a
potential ORR electrocatalyst. The synthesis of the catalyst involves a sequential pathway involving

hydrothermal treatment followed by freeze-drying to build the desired structural architecture of the
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catalyst. The catalyst is found to be displaying promising ORR activity during the validation both under
the single-electrode testing and as an air-electrode in ZAB. In 0.1 M KOH solution, CosO4/NEGF
displays only 60 mV onset potential shift compared to the state-of-the-art Pt/C catalyst. The
hydrothermal treatment and freeze-drying processes are found to be playing vital roles in tuning the
morphological and structural features of the catalyst. Apart from its favorable contribution towards
ORR, the doped nitrogen helps to facilitate efficient dispersion of the oxide nanorods on the graphene.
The ZAB fabricated by employing Cosz04/NEGF as the cathode catalyst is thus found to be an efficient
competitor for the system based on the Pt/C cathode.

Chapter 4 introduces a bimetallic manganese-cobalt-based spinel oxide (MnCo204) supported NEGF
(MnCo204/NEGF) as an efficient bifunctional electrocatalyst for facilitating both ORR and OER, and,
thereby, as a versatile air-electrode material for rechargeable zinc-air battery (RZAB) application. An
all-solid-state RZAB could be demonstrated by employing MnCo,04/NEGF as the air-cathode since
the 3D morphology of the catalyst helped to achieve an effective interface with the electrolyte. The
work covered in this chapter includes discussions on the strategies adopted for tuning the intrinsic bi-
functional activity of the spinel structure of MnCo.04 concerning morphology and composition. The
binary or ternary transition metal spinel oxides possess interesting bi-functional oxygen activity. The
presence of a second metal with different charges alters the d-band centers and changes the electronic
properties of the spinel oxides, thereby helping towards better bi-functional oxygen redox activity. By
accommodating this active species on NEGF, an efficient catalyst system with features favoring
effective active “triple-phase boundary (TPB)” could be developed. The chapter discusses the
interesting ORR and OER activity characteristics displayed by the system, followed by the practical
demonstration of the catalyst as an air-electrode in an RZAB. The cell displayed a maximum peak
power density of 202 mW cm2, which is significantly higher as compared to the one based on the
Pt/C+RuO; standard catalyst pair (124 mW cm™2). The all-solid-state device displayed a charge-
discharge voltage with a low voltage gap of 0.70 V at 10 mA cm2 and a small increment of 86 mV
after 50 h.

The catalytic materials based on non-noble metal-supported NEGF developed as per the details given
in Chapters 2, 3, and 4 displayed high electrocatalytic ORR and OER activity under basic conditions
with long term durability. Considering the interesting stable morphology of the mesoporous structure
of the NEGF system, further incorporating microporosity in the system (pNEGF) will be beneficial in
further tuning the electrode requirements. In addition to the need for better catalysts as replacements
for the state-of-the-art Pt/C for PEM fuel cells (PEMFCs) with the ability to function under acidic pH
conditions, the material has been further explored for this application by using pNEGF as a substrate
for dispersing Pt-Co alloy based (PtzCo) nanoparticles. Accordingly, Chapter 5 deals with the results
pertaining to the development and demonstration of the microporous structure of 3D graphene-

supported-platinum cobalt alloy (Pts;Co/pNEGF) as an ORR electrocatalyst with the ability to function
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better under acidic conditions. Microwave treatment of NEGF creates the 3D porous carbon support
(pPNEGF) with a large pore volume and dense micro/mesoporous surfaces. The carbon support porosity,
within micro- and mesopore range, has a significant impact on achieving the distribution of the small-
sized alloy nanoparticles as well as an efficient mass transfer process. Alloying Pt with Co slightly
reduces the Pt metal loading without affecting the ORR activity. In addition, the presence of an early
transition metal to Pt could alter the Pt-Pt interatomic distance, resulting in a down-shift of the d-band
center and changing the electronic structures of active Pt sites for ORR. The performance of the catalyst
could be evaluated to understand the activity characteristics and the structural advantages, and an
assessment has been done concerning the key performance indicators in comparison with the
characteristics of the commercial Pt/C catalyst. PtsCo/pNEGF and 40 % Pt/C in 0.1 M HCIO, display
the ORR onset potentials of 0.99 and 1.0 V vs. RHE, respectively. The mass activities calculated from
the ORR polarization curves reveal 1.5 times higher activity for PtsCo/pNEGF compared to its
counterpart Pt/C system.

5. Summary: Chapter 6 summarises the key findings and conclusions of each working chapter of the
thesis. The developed N-doped 3D graphene (NEGF) acts as a high surface area porous support for the
dispersion of double hydroxides and spinel oxides. In addition, the developed microporous structure of
the N-doped porous 3D graphene (pPNEGF) acts as the ideal support for the dispersion of the small-
sized Pt;Co nanoparticles. Furthermore, the doped nitrogen acts as the anchoring site for the uniform
dispersion of the nanoparticles. The N-doped 3D graphene exhibits mesoporosity and microporosity
which significantly accelerates the mass transfer of the gaseous reactant/products. The nitrogen-doped
3D supported Pt, and Pt-free catalysts show significant performance in terms of the activity as well as
durability under the optimized reaction conditions. Thus, the findings of the thesis reflect how targeted
rational designing strategies can help to effectively address some of the pertinent issues associated with

the existing ORR/OER electrocatalysts in terms of the performance, durability, and cost.

6. Future perspectives: Chapter-6 also covers the future scope of the thesis work, where the prospects
of the materials and findings as captured in the various chapters are highlighted, considering the

application potentials in the related fields.
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Chapter-1

Oxygen Electrocatalysts for Electrochemical Energy Applications

This chapter briefly covers the global energy consumption scenario and the importance of the
electrochemical energy devices, followed by the development of the electrocatalysts for the
oxygen redox processes. This chapter includes a concise description of the structure, major
components, working principles, and challenges associated with electrochemical water-
splitting (WS), rechargeable zinc-air batteries (RZABs), and polymer electrolyte membrane
fuel cells (PEMFCs). In continuation, the
role played by the oxygen evolution
reaction (OER), and the oxygen reduction

reaction (ORR) in determining the overall

performance of the respective

en
Water splitting

electrochemical energy devices has been ouHo! ¢
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discussed. The effect of variation in pH on
the ORR and OER processes and their

respective mechanisms have also been

studied. Further, a focused discussion of
the RZAB by highlighting the existing

Solid-state zinc-air battery Zinc-air battery

challenges in the bifunctional oxygen
activity (ORR/OER) at the air-electrode
interface has been provided. The various strategies adopted for improving the bifunctional
activity at the air cathode of RZAB are also included in this section. Moreover, a discussion on
the current status of the electrocatalysts targeted for OER and ORR applications as well as for
the bifunctional processes (ORR/OER) based on the noble and non-noble metal systems are
included. Furthermore, the important role played by the support for the catalytic active site
tuning and in the overall performance modulation has been discussed. The development of the
carbon supports and their morphological importance have been discussed elaborately, followed
by the role played by the heteroatom doping as well as the porosity towards the active site
modulation. Afterward, the structural importance of the support and especially the three-
dimensional (3D) structures of the graphitic carbon morphology are included. Following that,
the prospective benefits and the drawbacks of each of these material types are discussed in

detail. Finally, at the end of the thesis, the objective and scope of the current thesis are listed.
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1.1. Introduction:

Globally, climate change is the central issue that the planet is facing, among the other
associated problems.! Energy research is the major backbone to dealing with the current global
issues such as global warming and environmental carbon footprint.2 Currently, coal (30 %), oil
(30%), and natural gas (24%) are being used as the major sources of energy in various power
sectors to fulfill the global energy demand.? The worldwide increasing population and
gradually changing human lifestyle in the era of industrialization demand more energy in the
various sectors.® Furthermore, the reserved fossil fuel sources cannot meet the future energy
demand.? In addition, the carbon-based fuel-burning directly emits CO2, NO,, SO, etc., into
the atmosphere, impacting the environment as well as the carbon footprint resulting in the
global warming.® To address these issues, carbon-neutral and efficient energy technologies are
required to achieve a more sustainable society.® Significant research progress has been made

on renewable energies (Figure-1.1), such as

solar, wind, tidal waves, geothermal energy, and &R o
nuclear power as alternatives to the fossil fuels.? : ,C‘iu oy “ T T‘
Due to the geographical limitations hindering the Biomass e ; Wi ey
commercialization of these renewable energy ,

technologies, a proper amalgamation of the J)—L)[E‘]Q

energy conversion and storage devices is required lqm'r Solar cnergy

-

to resolve the existing issues.® In this context, the Tidal energy

electrochemical energy technologies such as

. . Figure-1.1. The major contributors of the
water electrolyzers, fuel cells, and batteries which g J

available  renewable energy  sources

have the potential to replace the traditional energy . . L .
(Reprinted with permission, Copyright ©

5
systems have come to the forefront.> Hydrogen 2021 Research, Invention. and Innovation

(H2) is considered as a promising carbon-neutral Congress: Innovation  Electricals  and
fuel to be wused in the electrochemical gjectronics (RI2C).

technologies and can replace the carbon-based

fossil fuel energy technologies.® As the Earth consists of 75 % of water, extracting hydrogen
power from water can alter the clean energy scenario.® Therefore, research on hydrogen
production through the water-splitting process has gained considerable attention globally.®
Complementary to the water-splitting technology, the hydrogen fuel cell resides as a hydrogen
energy-transform technology, which transforms Hz and O: into the water as a clean product

and produces electrical energy.” Despite the many benefits of the fuel cells, batteries are a good
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partner for storing energy.” Therefore, these three kinds of electrochemical energy technologies

are mainly considered to resolve the clean energy issues.
1.2. Hydrogen Energy: Water Splitting, Fuel Cells, and Metal-air Batteries:

Hydrogen is considered as a carbon-free energy carrier to fulfill the need of future clean energy
technological demand.® The specific energy density of hydrogen is about 140 KJ g%, which is
significantly higher than the existing fuels such as natural gas and petroleum-based products.®
Moreover, the increasing market share and the high price of the petroleum products also
increase the demand for an alternative, cheap and sustainable solution.® Although the hydrogen
production rate is globally increased dramatically, 96 % of the hydrogen is being produced by
the combustion of the fossil fuels.® Thus, a significant amount of hydrogen produced through
the steam reforming process largely contributes to COz production.® Therefore, the
involvement of an alternative and clean way of hydrogen production is essentially needed to

deal with the issues mentioned above.’ In the same line, the electrochemical water splitting is

Hydrogen Chemical industry
* Replacing Mydrogan produced by ossil fue
* A= biilding Hock for evaryday products

1]

Energy storage

Mobility
.. EEEEER

i
- N

Figure-1.2. Hydrogen energy cycle involving water splitting, fuel cells, and metal-air battery
(Reprinted with permission, Copyright © 2020, Elsevier, License Number: 5314871194164).

a currently growing field of research as a sustainable way of hydrogen generation that could
provide an alternative solution to the climate change issues.* Thus, the strategic development
of an economical and efficient way of electrochemical water spitting technology for clean
hydrogen production can meet the future clean energy demand.® In the water-splitting device,
the electrochemical redox processes occur at the cathode and the anode resulting in the
production of hydrogen and oxygen, respectively.® Further, in the complementary fuel cell

devices, the hydrogen can be used as a green fuel, where the stored chemical energy in the

ACSIR | CSIR-NCL | Narugopal Manna Page 8



Chapter-1

hydrogen is transformed into electrical energy.® Additionally, the battery helps to store the
chemical energy, and during the discharging process, that chemical energy converts
into electrical energy.® Hence, an effective combination of the water electrolyzer, fuel cells,
and metal-air batteries can change the clean energy global market.® Considering this, the focus
of the thesis includes a brief description of the working principles of these energy devices; in
line with this, the next part discusses the catalyst development for water splitting, PEMFCs,

and metal-air batteries.

1.3. Electrochemical water splitting: The term "water splitting" refers to the chemical process
in which water is split into Oz and H> via the electrochemical redox processes. The water
electrolysis is recognized as one of the most effective methods of producing clean H.. It utilizes
renewable feedstock water and generates O as a by-product in addition to H,. Due to the

technological and economic constraints, the water electrolysis accounts for only 4% of the total

Cathode Anode

(H ER) {QER)

“ Membrane
Figure 1.3. A schematic representation of the processes involved in the polymer electrolyte

membrane (PEM) water electrolyzer.

global H, production.® The electrochemical water-splitting technology has been considered as
a much more efficient process than the other water-splitting technologies available for the green
hydrogen production. Figure 1.3 illustrates a water electrolyzer consisting of an anode and
cathode with the electrodes separated by a solid membrane. The electrical insulating membrane
manages the ion transport between the two electrodes, separating the product gases formed
during the electrochemical process.® Mainly two kinds of solid membranes are being used for
the electrolyzer, namely, the anion exchange membrane (AEM) and the proton exchange
membrane (PEM).
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1.3.1. Water splitting mechanism: The water electrolyzer is the most environmentally
friendly technique for producing green Hz. The water electrolyzer is preferred over the other
types of the Hz generation technologies because of its lower operating temperature (30-80 °C),
purity of the hydrogen output, and higher efficiency.® Depending on the electrolytes (acidic
and basic) in which the electrolysis process occurs, the water-splitting reaction can be described
mainly in two ways. In acidic and alkaline electrolytes, the calculated thermodynamic potential
for the electrochemical water electrolysis is 1.23 V.° In reality, the potential shifts to a greater
value than the calculated thermodynamic potential due to the higher potential required to
overcome the activation energy barriers for the OER and HER electrode processes. The higher

overpotential affects the overall efficiency of the water electrolysis process.
Overall reaction®:
H20 (1) — Hz(g) + %2 02(g) AE°=1.23 Vvs. RHE......... 1.1
Anode (water oxidation):
2H20 (I) — O2(g) + 4H- (aq) + 4e° E°ox=-1.23V ..c.oooe..... 1.2
Cathode (water reduction):
4H:(aq) + 4 — 2H,(g) E°ed=0.00V........cooiiiiiiinin.. 1.3

In the PEM electrolyzer, the water electrolysis involves an external electric field passing to the
anode where water dissociates through the redox process and forms O, and proton with the
release of electrons.® This electron passes to the cathode via the external circuit, and the proton
transfers to the cathode through the proton exchange membrane, where the water molecules
reduce and liberate Ho. The proton is reduced to hydrogen gas at the cathode via the four-
electron (4e") process. According to the optimum faradaic efficiency, the amount of the H>
produced is twice that of O,. The OER process is found to be a 4e” oxidation process that occurs
at a higher overpotential than the two-electron (2e°) process of the hydrogen evolution. Hence,
the overall water splitting process efficiency depends on the OER process. To improve the
water splitting efficiency in the water electrolyzer process, the overpotential for OER must be
reduced. Therefore, the development of an electrocatalyst to accelerate the OER kinetics at the
anode is an appropriate way to resolve the overpotential. To address the electrode overpotential,

the usage of the precious materials-based OER electrocatalysts raises the overall cost of the
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system. As a result, highly efficient, low-cost catalysts for OER are critical for the long-term

development of the water electrolyzers for the H, production.

1.4. Fuel Cells: The fuel cells are electrochemical energy conversion devices that convert the
stored chemical energy in a fuel into electrical energy through electrochemical reactions.” In
general, small organic molecules such as formic acid, methanol and ethanol, along with clean
hydrogen are being used as the fuel in fuel cells. Sir William Grove is known as the "Father of
the Fuel Cell”. The fuel cells offer a lot of potential for increased energy conversion, and their

ecologically friendly construction and operation make them more viable in the energy market.**

Table-1.1: The classification of the different types of fuel cells (Reprinted with permission,

Copyright © 2004, American Chemical Society).

Low-Temperature Fuel ]
High-Temperature Fuel Cell
Cell
) PAFC
Direct Polymer ) MCFC SOFC
. Phosphori )
Alkaline Methanol Electrolyte Molten Solid
c
Fuel Cell Fuel Cell Membrane ] Carbon Oxide
Acid Fuel
(AFC) (DMFC) Fuel Cell ol Fuel Cell Fuel Cell
e
(PEMFC)
Proton/ Concentra
Caustic Proton - hydroxyl ted
] ] ] Molten ]
Electrolyte Potash Conducting ion Phosphori Ceramic
) ] Carbonate
Solution Membrane | Conducting c
Membrane Acid
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Hydrogen Methanol Hydrogen | Hydrogen
gas, Coal gas, Coal
Temperature
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Range
) ] ] ) Kilowatts/
Power Range | Watts/Kilow | Watts/Kilo | Watts/Kilo ] Kilowatts/
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S
Power
. . Power
o Vehicles, Vehicles, plants, Power
Applications . plants, ] )
Outer space small domestic combined platheir
) power
appliances supply, ] heat and
stations
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AcSIR | CSIR-NCL | Narugopal Manna Page 11




Chapter-1

The fuel cells are being employed in commercial, industrial, and residential structures, as well
as in distant or inaccessible places, for primary and backup power applications.'* They also
power the hydrogen fueled vehicles such as automobiles, submarines motorcycles, boats, and
buses. NASA's space projects were the first to deploy the commercial fuel cells to power
satellites and space capsules.*? The efficiency-wise, fuel cells reside in a better position than
that of the combustion engines. The fuel in a fuel cell is not burnt like in an internal combustion
engine. In addition, the fuel cells will not cause major greenhouse emissions. Moreover, the
fuel cells have no moving parts which help to their long lifespan. The fuel cell generates power
as long as the fuel and the oxidant are supplied at the anode and cathode, respectively.

The anode electrode oxidizes the fuel in the fuel cell, whereas, the cathode electrode reduces
the oxidant. The electrolyte is a critical part of a fuel cell because it separates the two electrodes,
cathode, and anode, to make a complete device and transports ions from one electrode to the
other.!® There are various types of fuel cells, each with its own method of operation and
electrolyte. The fundamental operation of all the fuel cells is based on the same notion, which
can be easily illustrated. However, to fabricate the fuel cells for practical applications, the cost,
efficiency, and dependability issues must be effectively overcome. Different types of fuel cells
with varying sizes and forms are popular in this context to achieve improved efficiency. The
electrolytes employed in each type of the fuel cell determine its efficiency and operating
temperature. The electrolytes utilized in the fuel cells include molten carbonate, alkali,
phosphoric acid, solid oxides, and polymer electrolyte membranes (PEM). The very first three
electrolytes are liquids, while the last two are solids. The circulation of the electrolytes through
the device in the liquid fuel cells necessitates using additional elements to manage the
electrolyte movement. In comparison to the others, each form of the fuel cell has its own set of
benefits and downsides. The various types of the fuel cells available are classified in Table 1.1.
In the case of a hydrogen fuel cell, the products are only water and heat; this guarantees zero
contribution to the global warming by controlling the release of any greenhouse gases into the

environment.1*

1.4.1. Polymer Electrolytes Membrane (PEM) Fuel Cells (PEMFCs): Polymer electrolyte
membrane fuel cells (PEMFCs) are well-recognized among the various kinds of the fuel cells
due to their higher output efficiency.'® Catalyst coated over the gas diffusion electrode (GDL)
is used as the cathode and anode which are separated by the polymer electrolyte membrane
(PEM). Depending on the nature of the ion transport and the molecular structure, the

membrane can conduct proton (H*) or hydroxyl ion (OH).1® The hydroxyl ion conduction is
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Proton Exchange Membrane (E

Figure 1.4. Schematic illustration of the Proton Exchange Membrane Fuel Cell (PEMFC).

required in alkaline membrane fuel cell (AMFC) and proton ion conduction is needed in acidic
membrane fuel cell (PEMFC) application. Furthermore, PEMFCs are divided into the low-
temperature PEMFCs (LT-PEMFCs) and the high-temperature PEMFCs (HT-PEMFCs) based
on the operating temperature. The LT-PEMFC is being considered the most suitable for the
transportation purposes, which has a larger market share in the transport sector.!’ Figure 1.4
depicts a schematic illustration of the PEMFC, representing the three major parts of the fuel
cell, viz, the cathode, anode, and proton exchange membrane. The electrolyte plays a key
function in preferentially carrying the protons generated at the anode without passing any

oxygen and hydrogen molecules between the electrodes.
1.4.2. PEMFC Mechanism:

The primary reaction (HOR/ORR) of a typical PEMFC occurs at the catalyst coated electrode
surface.® At the anode, the hydrogen oxidizes and produces protons (H*), which migrate to the
cathode through the proton exchange membrane electrolyte.'®!” Because the membrane is
electrically insulating, the electrons emitted during HOR at the anode travel to the cathode via

the external circuit.
Ho= 2H 4 28 B =0 V oot e, 14
O2+4e +4H " =2Ho0 E°=1.23V .ooriiii e, 15

At the cathode, the 4 protons and 4 electrons react with the fuel (O2) to produce water and

electricity. Water and heat are produced as the by-products of the overall reaction.

Ho+1/202=H20 E°en =123V .ot 1.6
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The electrochemical ORR process occurs at a higher potential (1.23 V) than the theoretical
hydrogen oxidation potential (0.0 V), making the ORR kinetics slower than HOR.Y’ The slow
ORR Kinetics is responsible for the significant loss of performance in the fuel cells. ORR occurs
through a multi-electron process, so a slow electron transfer rate at the cathode leads to higher
overpotential in the overall performance of PEMFCs. This limiting factor could alter by the

suitable electrocatalysts design for the ORR catalysts.

1.4.3. 1-V Characteristic of the Fuel Cells: Despite the ORR performance at the PEMFC
cathode, the current (1) - voltage (V) polarisation plot is a critical piece of information for

understanding and evaluating the fuel cell performance.'>*® The integral parts of
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Figure 1.5. (a) A typical fuel cell current (1) — voltage (V) polarisation plot; (b) representation of the
triple-phase engineered fuel cell electrode (Reprinted with permission, Copyright © 2021, Springer
Nature).

the PEMFC are the current collector, porous gas diffusion electrode, gaskets, sub gaskets, an
electrolyte, and bipolar plates. Each of the components plays a significant role in the overall
performance of the PEMFC. The three active portions of a typical fuel cell polarization curve
(Figure 1.5a) are as follows: 1) activation overpotential - a region that is heavily reliant on the
intrinsic properties of electrocatalysts, 2) ohmic resistance polarisation and 3) mass transport
resistance. The complete behavior of the polarization plot is controlled by the membrane
electrode assembly (MEA) properties.'® ¥ An MEA comprises two electrodes and a solid
membrane sandwiched between them. Despite the properties of the catalysts, an MEA
performance is also controlled by the other parameters such as operating temperature, oxidant
partial pressure, relative humidity, etc.'® The polarisation region in which the ohmic resistance
and the concentration components contribute to the mass transfer properties affects the overall
performance in the polarization plot. The thermodynamic efficiency of PEMFC can be

enhanced by optimizing the fuel pressure, temperature control, and water management.

AcSIR | CSIR-NCL | Narugopal Manna Page 14



Chapter-1

However, in order to improve the PEMFC efficiency, the voltage drops caused by the ohmic,
activation, and concentration overpotentials must be addressed. The cathodic side involving
the ORR process has a maximum contribution to the activation polarisation. The occurrence of
several sorts of internal resistance contributions in the cell is blamed for the ohmic loss. This
includes resistance caused by the membrane that separates the electrodes, contact issues with
the cell's components, and resistance from the electrode sides caused by the presence of
electronic insulating components, such as a binder and other additives. The active centers’ mass
transport constraints cause the third polarisation loss. This is mostly due to the fuel and oxidant
transporting at a slower rate than required on the catalyst surface. The leading cause for this is
the presence of excess binders, which can block the active centers and limit the gas reactant
transport to the active sites.!” Additionally, the generated water on the catalyst's surface can
impede oxygen transport to the active centers. Therefore, the ORR active site tuning with the
'‘triple-phase-boundary’ (TPB) engineering is critical for improving the accessible ORR
catalytic centers of the reactant gases in PEMFCs.'8 TPB is created when a catalyst, an ionomer,
and the reactant gases are combined efficiently. The schematic representation of TPB is shown
in Figure 1.5b. The proper production of the TPB formation unit balances the electron
transport through the catalyst, the ionic transport through the ionomer, and the reactant gas
movement at the electrodes. Typically, the catalyst ink is made by dispersing the catalyst and
ionomer in the correct ratio in a certain solvent (for example, isopropyl alcohol). This would
allow the ionomer to make good contact with the catalyst, allowing for more effective TPB
production. Therefore, designing the ORR electrocatalysts with improved mass activity and
suitable TPB formation units is an essential criterion for enhancing the overall performance of

the fuel cells.
1.5. Metal-Air Battery (MAB):

As previously mentioned, the metal-air batteries (MABS) are possible energy technologies
projected to play critical roles as a partner of the fuel cells in various future energy storage
applications. The working principle of the MABs is the same as the fuel cells; as an alternative
to the hydrogen which is used as the fuel in the fuel cell, an appropriate metal will be used as
a fuel in the MABs.® A typical MAB is shown in Figure 1.6. where a series of metals such as
Na, K, Li, Zn, Mn, Al, etc., are being used as the anode. In the case of a rechargeable MAB
(RMAB), a bifunctional (ORR/OER) active catalyst coated-gas diffusion layer (GDL) will be
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Figure 1.6. A schematic illustration of a typical metal-air battery (Reprinted with permission,
Copyright © 2010 John Wiley and Sons, License Number: 5314760230016).

used as an air cathode.*® In the air-electrode, ORR and OER take place, respectively, during

the discharging and charging process of the RMAB device.?°

Abraham et al. demonstrated a rechargeable Li-air battery in 1996 as the first MAB.*® The Li*
conducting polymer as a separator, lithium metal as an anode, and a carbon composite as a
cathode were used to make the battery.?® Furthermore, the work has been progressed on the
other metals instead of Li, such as Na, K, etc.?! Since the alkali metals (Li, Na, and K) are
explosive in aqueous solution, non-agqueous organic solvents/polymers have been used as the
electrolytes to keep the electrodes safely connected.?! As evidenced by the recent reports,
consistent efforts have been devoted to developing RMABs in non-aqueous systems.?22
Importantly, the efficiency of a MAB depends on the oxygen electrokinetics (ORR/OER) at
the air cathode.?*?° Poor oxygen solubility and slow kinetics of ORR/OER in non-aqueous
MABs prevent the further commercialization of this alkali metal-based air battery system.?%23
Considering the safety and air cathode kinetics in the non-aqueous systems, the alkaline earth
metal (Mg), transition metal (Zn, Fe, and Mn), and non-transition metal (Al) based anodes in

the aqueous battery systems are well-considered in the MAB field.?®** Among them, the Zn-
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Figure 1.7. The theoretical energy densities corresponding to the different types of the metal-air
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batteries (MABS) (Reprinted with permission, Copyright © 2010, American Chemical Society).
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air battery (ZAB) is considered a promising one, as it has high specific and gravimetric energy

densities.?®
1.5.1. Zn-Air Battery:

In comparison to the conventional lithium-ion (250-300 Wh/kg), lead-acid (150-200 Wh/kg),
and other metal-air batteries, Zn-Air batteries (ZABs) offer the highest theoretical energy
density (1100 Wh/kg) (Figure 1.7).2° Furthermore, the great natural availability of zinc, ease
of mining, and nontoxicity are the considerable advantages of the ZAB systems.?” The zinc
electrode with a high surface area is often used as an anode in these systems to fulfill the high
power requirements.?® The cathode component of ZAB is necessary for highly active and
durable air electrocatalysts to facilitate ORR and OER.?%%? The basic structure of a ZAB is
depicted schematically in Figure 1.6. It comprises an alkaline electrolyte in a liquid system or
membrane as a separator in a solid system, a negative zinc electrode as an anode, and a positive
air electrode as a cathode. Furthermore, based on the electrolytes (liquid/solid) and the function

of the air cathode (discharging/charging), ZAB is further classified into various forms.

1.5.2. Primary ZAB (non-rechargeable): Primary ZAB consists of an air electrode coated
with catalysts that only take part in the ORR process. Therefore, after the complete discharge
process, the cell needs to replace with fresh catalysts. During the initial period of the ZAB
development, primary ZAB devices were in general used for various purposes such as marker
lights, oceanographic research, railway signals, etc.; Manganese dioxide is used in hybrid cell

cathodes to enable high peak currents in primary ZAB.?

1.5.3. Mechanical rechargeable ZAB: Based on the demand for the rechargeable ZAB, the
primary ZAB was mechanically researched for various applications by replacing the Zn anode.
During the discharge process, the Zn anode has more chances of oxidation and forming ZnO
surface layer, which inhibits the further discharge process. Therefore, by using the air cathode
with higher durability, and also by mechanically changing the anode (Zn) and electrolyte, the

primary ZAB can be effectively converted into a mechanically rechargeable ZAB system.®’

1.5.4. Secondary ZAB (Rechargeable): Although mechanical rechargeable ZAB is widely
applied to various stationary applications, it is quite tricky for compact cell fabrication.
Therefore, RZAB fabrication with a bifunctional oxygen catalyst (ORR and OER) coated with

a gas diffusion layer (GDL) is considered an advanced solution to fabricate an electrically
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rechargeable ZAB. A sound electrically recharged system could have a low material cost and

higher specific energy.?®

1.5.5. liquid-state-ZAB: For stationary applications with a larger power unit, utilizing a liquid-
state ZAB has an ample opportunity as it is quite simple to assemble. In a liquid-state ZAB, a
zinc foil will be used as an anode with the catalyst-coated GDL as the cathode, and these will
be dipped into a concentrated alkaline (KOH) solution. Although it has great advantages in
terms of ease in fabrication and cost, it has significant disadvantages as well. The water-based
electrolyte that catalyzes the zinc precipitation must be carefully managed in the RZAB based
on an aqueous electrolyte. Dendrite production and limited solubility of oxygen in high
concentrated electrolytes challenge the liquid-state ZAB system.?®

1.5.6. Solid-state rechargeable ZAB: The application of the solid-state batteries in various
sectors is gradually increasing. Most importantly, the transport sector is looking for devices
that will be free of liquid systems.>® Keeping this in mind, work on the solid-state RZABs
significantly progressed. In this system, the zinc serves as the anode, an ORR/OER bifunctional
catalyst-coated GDL acts as the cathode, and a gel electrolyte serves both as the solid
electrolyte and separator for the two electrodes.®! The gel electrolyte has a significant role in
fabricating a solid-state ZAB system to keep the system hydrated.3? Additionally, the designing
of the ORR and OER catalysts and their electrodes with effective “triple-phase boundary
(TPB)” formation at the air cathode interface of the RZAB is an important part of the
research.32-%® Details of the rechargeable ZAB mechanism are given below.

1.5.7. Mechanism in RZAB overall reaction:

The performance of a RZAB directly depends on the bifunctional oxygen redox activity (ORR
and OER) at the air-electrode.? In the ZAB, during the discharge process, the atmospheric
oxygen diffuses into the porous cathode where the ORR catalyst promotes oxygen reduction to
hydroxyl ion (OH") formation in the alkaline condition. The generated OH" ions at the cathode
migrate to the anode and react with Zn to form Zn(OH).%, which further transformed to ZnO.
The overall reaction of ZAB during the discharge process involves the reaction of zinc with O

to form Zn0O.3*
Discharge:

Cathode: O2+ 2HoO +4e- = A0OH ..., 1.7
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Anode: Zn + 40H" — ZN(OH) a2 + 267 ... 1.8
ZN(OH) 42 > ZNO + HoO + 20H ..o 1.9
Overall reaction: 2Zn+ 02 = 2ZN0.......oiiiiii e 1.10
Recharge:
Anode:
ZnO + 2H20 — ZN(OH)aZ + Hou oo 1.11
Zn(OH)4Z +26- > ZN+40H ... 1.12
Cathode:
A0H 5> 02+ 2Ho O + 4 e- o 1.13
Overall reaction: 2Zn0O — 2ZN+ Oz..evvviiiiiiiiiiiii 1.14

During the charging, ZnO dissociates through the electrochemical process and forms Zn and
0.. So, the overall process of Zn-air battery efficiency depends on ORR at the time of the

discharging cycle and OER at the time of the charging process at the air cathode.*

1.5.8. Bifunctional oxygen activity at the ZAB air-cathode interface: Above stated
equations indicate that the efficiency of RZAB is
controlled by the ORR/OER Kkinetics at the air
cathode.®>3¢ The rechargeable ability of ZAB is
hindered by the irreversibility of the stable ZnO

Fuel Cell
Water Splitting

formed at the anode during the discharge process.*®

Therefore, a higher charging voltage is required to

Metal-Air Batteries

electrically decompose the ZnO, which suppresses ~ Figure-1.8. The figure shows the relevance

the energy efficiency of ZAB significantly. of oxygen electrochemistry in the potential
green energy-related technologies

Additionally, the mass transfer properties of the
(Reprinted with permission, Copyright ©

2010, John Wiley and Sons, License

Number: 5314760230016).
ORR and OER Kkinetics at the RZAB air cathode,

suitable designing of OER/ORR catalyst, as well as air cathode interface engineering with

catalysts  significantly affect the overall

performance of RZAB.3® Hence, to overcome the

improved mass transfer properties, is essentially needed. The active bifunctional catalyst
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(ORR/OER) having an effective triple-phase boundary (TPB) unit helps to make a better

interface with the air cathode.32-3

1.6. Oxygen Electrochemistry (ORR & OER): The efficiency of the above-mentioned
electrochemical energy devices (water splitting, PEMFC and RZAB) is controlled by either
OER (water splitting), ORR (PEMFC), or both ORR and OER (Rechargeable ZAB) (Figure
1.8). A slow oxygen electro kinetics suppresses the overall efficiency of the respective device
performance. Therefore, the oxygen electrokinetics is the rate-determining step in measuring
the overall device performance. Hence, the ORR and OER processes involve several
elementary steps; it generally proceeds through the 4e’/4H" process. One is bond breaking
(ORR), and the other is the bond-making (OER) process.® Details about the ORR and OER

processes and their elementary steps are explained below.

1.6.1. Oxygen Evolution Reaction (OER): OER is an important electrochemical reaction at
the anode of the water-splitting process and in the zinc-air battery air cathode charging process.
In both the systems, the reaction occurs on the surface of the electrocatalyst through a multistep
4e redox reaction.®3® Depending on the electrolytes, the OER process goes through various

stages are given below:

Acidic media:
M+HQO——>»M-OH+H" " +e- ... 1.15
M-OH ———— M-O+H++e- ... 1.16
M-O + HLO———>» M-OOH + H++e-............ooiii, 1.17
M-OOH —— M-O2+H++e-....oooiiiii, 1.18
M-O2 ——> O+ M o 1.19

Alkaline media:

M+OH — 35 M-OH+e-......oi 1.20
M-OH+OH —— - H0+M-O+e-........ooiiiii. 1.21
M-O+0OH —— > M-OOH+e- ..., 1.22
M-OOH + OH — > M-O2+ HO +e- ... 1.23
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M-O2 —_— O2+M e 1.24

Therefore, designing a suitable electrocatalyst with multiple adsorption sites for the various
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Figure 1.9. The oxygen evolution reaction activity as a function of the oxygen binding energy is
depicted in a volcano graphic (Reprinted with permission Copyright © 2013, John Wiley and Sons,
License Number: 5314761062922).

intermediates species is essential to control the electrochemical OER process.

1.6.2. State-of-the-art OER catalysts: Electrochemical OER is a 4e  redox process that
occurs on the metal surface through the adsorption and desorption process of the reactants,
products, and various intermediates.® Figure 1.9 presented a volcano plot for the OER active
catalyst. The figure shows that RuO. and IrO> reside on the top of the plot and ascribe to a
lower overpotential for OER with optimum adsorption and desorption energy compared to the
other transition metal oxides.* In acidic and alkaline mediums, the precious-group metal-based
catalysts, such as IrOz and RuOy, are currently the benchmark catalysts for ORR and OER .34
However, researchers are working to produce low-cost electrocatalysts based on easily
available active materials for scale-up applications because of their high cost and scarcity. As
a result, developing a non-precious metal-based OER catalyst for water electrolysis and ZAB

applications is very much desirable.

1.6.3. Oxygen Reduction Reaction (ORR): ORR is the important reaction that occurs at the
cathode of PEMFC and the charging process of RZAB air cathode in acidic and alkaline
conditions, respectively.® % The electrochemical ORR process in the acidic as well as in basic
medium goes through the 4e- and 2 e- processes: 1) The 4e- path, in which the oxygen molecule
is reduced straight to H20, and 2) the (2+2) e- path, in which the O molecule is reduced first
to H202 and then to H20.%° The reaction route is thought to be determined by the type of the
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active site and the mode of interaction of the O> molecule with the active site.*®*® The ORR is
deficient in the 2e- route, which reduces the overall efficiency. Furthermore, the H>O2 produced

poses a stability problem in the catalyst and membrane.

Acidic media:
Four-electron pathway: O. + 4H+ + 4e- —— - 2H)O (E°=1.23 V)............ 1.25
Two-electron pathway: Oz + 2H+ + 2e- ——— H0, (E°=0.695V).......... 1.26

H,0; + 2H+ + 26— 5 2H,0 (E°=1.76 V)............ 1.27

The alternate decomposition of the H202 produced in (1.26) leads to the formation of H.O and

O3 as follows: 2H 02 ——— p 2H 0+ 02 e 1.28
Alkaline media: 02 + 2H20 + 4e- — 40H (E°=0.401V)............ 1.29
Four-electron pathway: O; + H20 + 4e- ——— - 2H>0 (E°=0.401 V)............ 1.30

Two-electron pathway: Oz + H.O + 2e- —— & HO> + OH™ (E° =-0.065 V)...1.31
HO2 + H20 + 2e-—— 30H" (E° =0.897 V)............ 1.32

The ORR process is kinetically slow due to high thermodynamic reduction potential around
1.23 V.5 The sluggish kinetics of ORR is attributed to the higher binding energy of the 0O=0
bond (498 kJ/mol) that must be cleaved at lower potential during the ORR reaction.*® To
improve the kinetics of ORR, the activation energy of the reaction should be reduced.*® The
activation energy of ORR can be reduced by designing the electrocatalysts and by reducing the
electrode potential.>® The potential difference between the electrode (E) and the equilibrium
(Eeq, 1.23 V for the ORR) of a reaction is known as the overpotential n (Equation 1.3).%°

n= E _Eeq ............................................................... 1.33

A suitable catalyst design for the ORR process is targeted to lower the overpotential, which

will improve the overall efficiency.
1.6.4. State-of-the-art ORR catalysts:

The higher binding energy of oxygen molecules requires electrocatalytic active sites to break

the O=0 bond. Currently, Pt-supported carbon is the best active catalyst for the electrochemical
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Figure 1.10. The volcano plot indicating the oxygen reduction activity as a function of oxygen binding
energy (Reprinted with permission Copyright © 2013, John Wiley and Sons, License Number
5314761062922).

ORR process.*® Figure 1.10 displays the volcano plot, suggesting a theoretical calculation of
the ORR activity vs. the adsorption-desorption energy (AEo) of oxygen over the range of metal
centers. Among the other metal active sites, Pt resides on the higher active sites of the volcano
plot with an optimum value of the adsorption-desorption energy compared to the other noble
and non-noble metal-based systems.®! It is also noted that the other noble metal-based systems
(e.g., Pd, Ir, Cu, Ag) lie almost near to the Pt in the volcano plot. Further, the evidence-based
studies suggested that the ORR process on the Pt surface occurs in two ways, one is the
associative, and another is the dissociative mechanism. Hence, the mechanism reveals that the
ORR process goes through several intermediate steps; the different intermediates have a set of
thermodynamic energy of adsorption and desorption.>? Although Pt is the best active catalyst
for ORR, the Pt-based electrocatalysts still suffer from a large overpotential of about 230 mV
(corresponding to an electrode potential of about 1.0 V).>2 Furthermore, scarcity and the high
cost of Pt forced us to focus on reducing the Pt loading in the fuel cell cathodes.

Associative mechanism

Pt+ 02 = Pt-O2ads o.ovvviniiiiiiii e 1.34
Pt-O2ads+ H++ - — Pt-O2Hads ........cooviieiiiii 1.35
Pt-O2Hads + H++ - — H20 + Pt-Oads .......coveviniininnnnen.. 1.36
Pt-Oads+ H++e-—> Pt-OHads .....o.oovveiiiiiiie 1.37
Pt-OHads+ H++e-—> Pt + H20 ... 1.38
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Dissociative mechanism

Pt+2% 02 > Pt-Oads ...oooveeeieeei i, 1.39
Pt-Oads+ H+ + e- > Pt'OHads .................................... 1.40
Pt-OHads+ H++e-—>Pt+ H20 ..., 141

1.6.5. Bifunctional active sites for ORR and OER: The performance of the RZAB depends
on the bifunctional oxygen electrochemistry (ORR and OER) at the air cathode.®3% Although
noble metal-based catalysts are used as an active site for ORR (Pt), and OER (IrO. and RuOy),

OER: 2H,0 —>0, + 4H* + de

ORR: 0, + 4H' + 4 —> 2H,0
Figure-1.11. The plot representing the bifunctional oxygen redox activity as a function of the

potential (Reprinted with permission, Copyright © 2019, John Wiley and Sons, License Number:
5314761402335).

they make a poor choice as the bifunctional electrocatalysts due to their high selectivity for a
particular reaction (ORR or OER).#%4151 An ideal bifunctional catalyst should have better ORR
and OER activity.3%3! The bifunctional activity of the catalysts is measured with the energy
difference (AE) between the potential reaching the current density of 10 mA cm™ for the OER
process and the half-wave (E1/2) potential for the ORR process (Figure 1.11). The lower gap
AE value signifies the higher efficiency of the bifunctional activity of the electrocatalyst. As
per the literature report, the non-noble metal-based transition metal systems are widely reported

as bifunctional oxygen electrocatalysts.

1.7. Fundamentals of the Catalytically Active Site Designing for ORR and OER: The
catalysts are the substrates, which alter the kinetics of the chemical reactions by changing the
chemical reaction pathway. The ORR and OER processes both occur on the surface of the
electrode in water splitting; similarly, RZAB and PEMFC require the catalysts to accelerate
the respective electrochemical processes. Several factors influence the ORR and OER reaction

Kinetics, such as adsorption of the reactant (O2/OH") on the catalyst, structure, bonding nature,
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and energy barrier. Hence, the adsorption/desorption characteristics and the nature of the
chemical reaction (disproportionation) play important roles in the oxygen redox processes. As
the ORR and OER processes go through several intermediate steps which are sensitive to the
surface properties, modulation of the catalysts' surface to tune the ORR/OER active sites is an
important area of research. To design the electrocatalysts, mostly two strategies are being
adopted as shown in Figure 1.12.52 One is increasing the intrinsic activity by controlling the
structure, morphology, and composition of the electrocatalyst’s active sites. Another is
increasing the number of the active sites with the help of the support structures and
morphology-control along with the modulation of the active site's shape, size, and composition.
As increasing the intrinsic activity of the active sites has a drawback for large-scale productions
with a greater reproducibility, the second method of increasing the number of the active sites
is widely being considered a practically feasible option. In the same way, lots of work has been
done previously to control the structure, morphology, and surface property tuning of the active
sites and support systems to improve the electrochemical ORR and OER processes.
Accordingly, the work has been progressed on the noble and non-noble metal systems
following the above-mentioned strategies to enhance the ORR and OER performance and
durability. The following few sections in this chapter will discuss the progress made in the
direction of the catalyst design, mainly targeted on the noble metal and non-noble metal-based
systems for the ORR and OER applications.> These include the Pt-based alloys and the low-
cost, non-noble metal-based catalysts, such as transition metal-based oxides, hydroxides, and
layered double hydroxide-based systems. Moreover, the issues with the low conductivity and
long-term durability are further addressed by using suitable carbon supports. Hence, the
progress made in the direction of shape, size, morphology, and compositional tuning of the

active sites, and carbon support morphology modulation are also briefly discussed.

1.7.1. Noble Metal-based Catalysts: The above discussion and the volcano plot reveal that Pt
is the best active catalyst for the electrochemical ORR. Similarly, the Ir and Ru-based catalysts
are studied for the OER reaction. 3! Furthermore, their utility is limited due to several reasons
such as cost, availability, and stability. However, the use of the noble metal catalysts cannot be
completely avoided due to the absence of alternative non-noble metal-based catalysts which
are active and stable in acidic conditions. Therefore, a significant effort is still being given to

the development of low-cost and durable electrocatalysts based on Pt by adopting strategies
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Catalyst development strategies
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Figure 1.12. The figure indicating the various design strategies involved in developing the
electrocatalysts (Reprinted with permission, Copyright © 2017, Science).

such as alloying and core-shell structuring of Pt with suitable non-noble metal transition metal

systems.

1.7.2. Pt-Based Catalysts for ORR: In the last few decades, much research has been done on
the development of various Pt-alloy-based and core-shell structured catalysts to improve the
ORR activity and durability.>® The alloying of Pt with non-noble transition metals (Fe, Co, Ni)
enhances the stability of the Pt-based catalysts by avoiding the metal dissolution and oxide
formation on the surface of Pt under the electrochemical environments. Furthermore, the
studies reveal the relationship between the electronic structure modification after the Pt-alloy
formation with the non-noble transition metals with a corresponding activity enhancement
towards ORR. When Pt is alloyed with non-noble metal-based transition metals, the 5d orbital
vacancy of the Pt changes due to charge transfer from the electron-rich transition metal,
resulting in a decrease in the Pt-Pt interatomic distance.>**® The Pt atoms with increased d-
band vacancy have more ability to accept the 2p electrons donated by O, resulting in effective
adsorption of the O> molecule over the Pt surface. The lattice re-construction in the alloy
provides improved oxygen adsorption sites which significantly accelerates the ORR reaction
kinetics.%"° Furthermore, the Pt-alloy structure with various compositions also substantially
changes the ORR activity. In a report by Stamenkovic et al.®, the Pt-Co/C, Pt-Cr/C, and Pt-
Fe/C type bimetallic catalysts are active toward ORR. Among these, the Pt-Co/C system is
found to be more ORR active than the Pt-Fe/C and Pt-Cr/C systems. This result suggested that
the choice of the transition metal for the alloy formation as well as the reaction condition has
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an impact on the ORR activity. Moreover, the specific composition in the alloy also
significantly affects the overall ORR activity. The same research group also investigated
various PtzM alloys (M = Fe, Co, Ni, V, and Ti) for ORR with skeleton and skin structures.®!

The Pt skeleton structure shows different activity than the Pt skin structure in the prepared alloy
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Figure 1.13. Comparable ORR specific activity of catalysts in 0.1 M HCIO4 solution, with changing
the d-spacing with various transition metals in platinum alloy struture: (a) Pt-skin and (b) Pt-skeleton
surface (Reprinted with permission Copyright © 2007, Nature, License Number: 5314830032578).

catalyst systems. PtzCo skin structure of the alloy exhibits approximately three times higher
ORR activity than Pt (Figure 1.13a-b). These findings suggested that, to obtain an improved
ORR active catalyst, the adsorption and desorption energies of the ORR reaction intermediate
species on the Pt surface should be balanced against the surface coverage of the blocking
oxygenated species. In addition, the carbon substrate acts as a support to overcome the particle
agglomeration during the electrochemical performance measurement. However, the highly
corrosive operating environment of PEMFCs catalyzes the carbon support corrosion, which
results in the agglomeration of the Pt nanoparticles. Therefore, the ORR catalytic activity
decreases with time, which significantly affects the overall ORR performance in the PEMFC
device. An alternative carbon supporting material is required to meet this problem, having

higher resistance to corrosion in the PEMFC environment.

1.7.3. Non-Noble Metal-based Electrocatalysts: The noble metal-based catalysts are active
materials for ORR and OER, but their utility is limited due to many reasons such as cost,
availability, and stability. Considering this fact, several non-noble transition metals, including
Fe, Co, Mn, Ni, Cu, and Cr, have been investigated as potential active centers as an alternative
to the noble metal-based ORR and OER electrocatalysts in alkaline conditions.***® The next
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part of the thesis will include a discussion on the progress made in the development of the noble
metal-free catalysts, mainly based on transition metal oxides, hydroxides, and layer double
hydroxides towards ORR and OER.

1.7.4. Transition metal oxides (TMO), Hydroxide, and Layered double hydroxide (LDH):
Transition metal oxides, hydroxides, and layered double hydroxides have gained considerable
attention as non-noble metal-based electrocatalysts due to their low cost, ease in synthesis, and
sufficient durability.%2% Furthermore, the size, shape, and morphological tuning of such
catalyst systems could modulate the ORR, OER, or the bifunctional activity (ORR and OER).%®
Several reports on the ORR and OER activity catalysts have been published to date, focusing
on the transition metal-based electrocatalysts (e.g., nickel, cobalt, manganese, and iron),
including single transition metal oxides, metal (oxy) hydroxides, and double-layer hybrids.®?
The next part of this thesis focuses on providing a discussion on the various strategies adopted
for enhancing the catalytic activities by controlling the structural aspects and compositions.®®
Even though the benefits of the transition metal oxides, hydroxides, and layered double
hydroxides have been explored for ORR and OER in alkaline solution, these materials suffer
from poor electronic conductivity. Hence, compositing these materials with nano carbons as

substrates is a smart and effective way of overcoming the limitation related to conductivity.
1.7.5. Structure, Composition, and Morphology Controlled oxides, hydroxides, and LDH:

The current research on the metal oxides, hydroxides, and LDHs mainly focuses on tuning the
intrinsic activity with modulation in the structure, morphology, and composition.®® Among the
various structures of the oxides reported such as spinel oxides, perovskite, and rutile structure
of oxides, the spinel oxides have been mostly explored for the ORR and OER applications.
Similarly, the hydroxides and LDHs have emerged as potential candidates with the unique
structure of the hydroxides making them useful as multifunctional materials. They are easy to
synthesize, and their 2D lamellar open interlayer structure significantly contributes to the
interlayer ion exchangeability. Furthermore, engineering the nanostructure morphology (e.g.,
nanostructure or pore structure) of the metal oxides, hydroxides, and LDH for ORR and OER
helps to control the intrinsic activity for improving the electrocatalytic performance based on
efficiency and durability. In some cases, the nanostructured catalysts are suitably combined
with other transition metals, and thus formed binary or ternary metal composites are found to
possess significantly improved catalytic performance compared to the single metal

counterparts.®”"* The next section of the thesis includes a brief review of the role of the possible
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systems that can be explored as cost-effective alternative catalysts for ORR and OER

applications.

1.7.6. Transition Metal oxides (TMO): Although electrons always fill the s-shells of the
positive metallic ions, the d-shells may not be filled in transition-metal oxides (TMOs). This
unique electronic structure of the metal oxides brings various characteristic properties,
including high dielectric constants, a wide range of tunable bandgaps, good electrical
characteristics, etc.* Additionally, the bandgap and electronic structure-activity of the TMO
could be tuned by controlling the shape, size, and composition, which further significantly alter
their chemical and physical properties.?® In addition, TMOs possess various electronic states
that act in a ferromagnetic, ferrimagnetic, and semiconductive nature. Hence, the oxides of the
transition metals are being considered as fascinating functional materials. Furthermore, the
poor conductivity of the metal oxides could be overcome by using a conductive carbon support
for their dispersion.®” The earth-abundant elements (Mn, Ni, Co, Ti, Mo, and so on) form the
most common oxides, such as Co304, CoO, and MnO2, which have been extensively studied
as excellent candidates for ORR applications.®* Several strategies have been adopted in recent
times for the development of the TMO-based electrocatalysts for ORR applications in alkaline

media.

1.7.7. Spinel oxides: Based on the current advancement of metal oxide structures, the spinel
structure of the metal oxides has special attention due to its better electronic properties in the
presence of the different oxidation states of the metal centers.®>®® The spinel oxides have
attracted attention towards oxygen electrocatalysis due to their ease of synthesis, low cost, and
tuneable composition. The general formula for the spinel-type metal oxides is AB2O4, where
A represents a transition metal ion having the +2 oxidation state which resides in a tetrahedral
site and B is a transition metal ion having the +3 oxidation state residing in an octahedral site.®-
70 1n a spinel oxide structure, A and B sites are occupied by the same element (e.g., Co30a), or
they can be occupied by different elements (e.g., MnC0204).”*"™ The spinel oxides have

displayed interesting electrochemical activity and durability in alkaline media.

1.7.8. Transition Metal (oxy) hydroxides (TMH): The transition metal (oxy) hydroxides
(TMH) are considered to be a promising active material for electrochemical OER applications.
TMH are low-cost materials with larger specific surface area, significant stability in alkaline
media, and distinct electron distribution. Even though research on TMH has been well

progressed, so far it is known to be displaying promising OER activity in alkaline media.*®
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Figure 1.14. The figure representing the structure of the spinel oxide and the distribution of the A
and B cations in the system (Reprinted with permission, Copyright © 2020, Springer Nature, License
Number: 5314830455417).

Furthermore, the OER activity gets enhanced by incorporating species such as Fe, Co, Ni, or
Cu in the system. However, the main concern of adopting this strategy is the long-term stability
of these binary metal centers in water splitting devices with high concentrated pH conditions.
Therefore, further research has been carried out on TMH by compositing with carbon supports,
which improves the conductivity, resulting in improved performance in terms of activity as

well as durably.

1.7.9. Layered double hydroxides (LDH): LDHs are the class of 2D materials, consisting of
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a layer structure where two positively charged
brucite-like host layers are sandwiched by
anions and solvent molecules (Figure 1.15),
where the anions balance the excess positive

charge. The brucite layers in LDHs are

composed of bivalent metal cations (such as
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Figure 1.15. Structure of the layered double

hydroxide  (LDH)  (Reprinted  with
hydroxyl groups. In the presence of the trivalent  permission, Copyright © 2021,

Co?*, Ni?*, Zn?*, and Fe?") with a percentage of
the metal ions substituted by isomorphous
trivalent metal cations (such as Fe%*, AI**, Mn®*,
or Ga®").%2%% In the MOs configuration, all of

these metal ions are octahedrally coordinated by

metal cations, the layer structure of the Multidisciplinary Digital Publishing
hydroxide acquires an extra positive charge. To  Institute).

balance this excess positive charge, several inorganic or organic anions (e.g., COz%, Cl, NOs,
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and SO4%) are instantly intercalated. Thus, a standard molecular formula of LDH is
[M241*M34x(OH)2][An]x/nzH20, where M?* and M3* denote the divalent and trivalent metal
cations, respectively, An denotes the filled interlayer anions, and x represents the range of 0.2
to 0.4. It is worth noting that LDHs can also comprise M* and M** cations. The special
structural features of LDH resulted in the unique ability to display OER type electrocatalytic
activity. Among the various LDHs reported, the NiFe-based LDHs are well-known for their

OER activity in the electrochemical water-splitting applications.

1.7.10. Role of Carbon Nano-Structures: Although the active site modulation (spinel oxides,
LDH, alloy structure) is showing improved OER and ORR performance, in most cases, the
active sites are decorated on a variety
of carbon support morphologies The

selection of the carbon morphology

significantly  affects the overall
activity and durability of the

electrocatalysts.”®® High electrical . 2
conductivity is one of the most notable

features of the carbon. They are used

for various applications due to their

-

mechanical stability and distinctive
Figure 1.16. The figure highlights the importance of

morphological properties. Carbon is .
graphene as the mother of all the other graphitic forms

of carbon, including the 0D fullerene, 1D SWCNT, and
3D graphite. (Reprinted with permission, Copyright ©

the building block of the organic
chemistry family. Various allotropes
of carbon, such as graphite, fullerenes, 5415 jonn Wiley and Sons, License Number:
and carbon nanotubes have gained 5314831024409).

significant attention in various fields

of applications.”” The discovery of Buckminster fullerenes and one-dimensional carbon
nanotubes (CNTs) shows a new direction in the research of carbon-based nanomaterials.
Furthermore, the discovery of graphene (Gr), which is a single layer of graphite, has gained
significant progress in the energy-based technology research. Moreover, the nanostructures of
carbon with distinctive surface modification and morphological tuning with controlled
electrical, optical, and mechanical features are considered to be very effective in improving the
energy conversion and storage characteristics. Moreover, the unique properties of fullerenes,

graphene, and carbon nanotubes (CNTSs) gained significant attention in the field of developing
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high-performance energy conversion and storage devices.’® The next part will discuss more on
the specific forms of the nanocarbons which have gained ample space in the development of

electrocatalysts for energy applications.

1.7.11. Fullerenes: The discovery of fullerene is widely regarded as a watershed moment in

materials chemistry. Fullerene is made up of sixty (Ceo) or seventy (Czo) carbon atoms bonded

Figure 1.17. The pictorial representation of the buckminsterfullerene (Reprinted with permission,
Copyright © 2012, John Wiley and Sons, License Number: 5314780410622).

together in pentagons and hexagons to form spherical cages that resemble the soccer ball
patches (Figure 1.17). There have been several attempts to utilize fullerenes as an advanced
carbon material for extending their utility in the energy storage and conversion device
applications. With ultra-low Pt loading, metallofullerenes have been proposed as suitable ORR
catalysts for the fuel cell applications. Fullerene-Pt nanoparticle assemblies were also
attempted, which were formed by joining and separating fullerene and Pt nanoparticles.”® Using
molecular layers of Ceo as a linker system, various Pt nanoparticles were immobilized on a gold

electrode. Following CO treatment, these assemblies were active for methanol oxidation.

1.7.12. Carbon Nanotubes (CNTSs): After lijima's ground-breaking breakthrough in 1991
with the discovery of the needle-like tubes of carbon known as carbon nanotubes (CNTS), the
material chemistry world has taken on a new shape. CNTs drew the attention of many
researchers due to their unique electrochemical capabilities. CNTSs are classified based on the
Number of layers arranged in the tubular form, which are single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs).”® CNT has emerged as a
promising support material for lowering the amount of Pt in the Pt-based catalysts for the fuel

cell applications. Furthermore, doping of heteroatoms into the carbon structure of CNTSs (i.e.,
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Figure 1.18. The representation of the structure of the carbon nanotube (Reprinted with permission,
Copyright © 2012, John Wiley and Sons, License Number: 5314780410622).

N, B, and P) has recently been used to substitute Pt and to explore the possibilities of
developing non-Pt electrocatalysts for fuel cells.”® The helicity and diameter of the CNTs are
commonly acknowledged as the controlling criteria for both the metallic and semiconducting
properties. CNTs have a hollow core, which is intriguing, as are their unusual metallic and

semiconducting properties. CNTSs are also resistant to the formation of complexes.

1.7.13. Graphene: Graphene is the latest member of the carbon family. Graphene has the 2D
structure of single-atom-thick carbon nanosheets and has been considered as an important class
of materials used for various applications, including energy conversion and storage
technologies. Graphene is a honeycomb crystal structure made up of the sp?-bonded one-atom-

thick planar sheets of carbon atoms.” In 2004, Konstantin Novoselov and Andre Geim

(@) (b)
Figure 1.19. The structural representations of the graphene (Reprinted with permission, Copyright

© 2012, John Wiley and Sons, License Number: 5314780410622).

developed graphene by continuously dividing graphite crystals into smaller and smaller parts
with sticky tape until individual atomic planes were created. In 2010, they received the Nobel
Prize in Physics.2® Afterward, the research on graphene has gradually increased. As previously
stated, graphene is the latest carbon allotrope to be recognized as the most exciting chemical
in the field of energy research. Figure 1.19 shows the 2D structure of the graphene consisting

of more than one layer. The electrical properties of graphene are derived from its electronic
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configuration. Graphene has high stretchability, making it excellent for flexible conductors.
Moreover, the increased surface area originated from the 2D structure of graphene, compared
to the other carbon morphologies, as well as high electronic conductivity makes it an interesting
carbon support material for the ORR and OER applications.®® Furthermore, heteroatom doping
into graphene is found to be altering its electrical properties. The graphene-based products
generally have significantly improved electrochemically active surface area due to the

intrinsically high surface area of the substrate and better exposure of the active sites.

1.7.14. Heteroatom doped graphene: Graphene is a 2-dimensional (2D) sheet of carbon
network, where most of the carbon is connected through the symmetric sp? carbon centers.
Doping graphene with a heteroatom creates a difference in the electronegativity and this leads
to a positive charge density on the neighboring carbon atoms.® The heteroatom doped
asymmetric carbon centers are helpful to the growth of the active sites as well as for facilitating

chemisorption of the reactants and intermediates during the electrochemical processes. The

graphitic materials doped with nitrogen 01 ra——
have recently made a massive impact in the o 005 1 ® Experimental (graphene)
world of energy applications. The doping of £ % "
the foreign atoms modifies the host's basic g 005 pg MO o
electrical and mechanical properties, § 04 0:,,, s Kar
making them ideal catalysts for the energy £ o5

cim
applications. Figure 1.20 shows that, W : : : i :
among the various doped heteroatoms, the Reepa.

doping with nitrogen considerably changes
) ) o Figure 1.20. For carbon materials doped with p-
the electronic properties of the graphitic .
block elements, the relative Eonse to that of a Pt/C

carbon system. Furthermore, based on catalyst was evaluated as a function of the
descriptor. (Copyright © 2015, John Wiley and
nitrogen is classified as graphitic, pyridinic, Sons, License Number: 5314780760854).

pyrrolic, quaternary nitrogen, and N-oxides.

spectroscopic investigation, the doped

The pyridinic nitrogen refers to the nitrogen that is bound to the two sp? carbons in the six-
membered pyridinic ring. The pyrrolic nitrogen has similar coordination in a five-membered
ring. The graphitic nitrogen is produced by substituting the carbon inside the aromatic ring.
The nitrogen coordinated with the three sp® carbon atoms is referred to as the quaternary
nitrogen.” Figure 1.21 depicts the types of the doped states of the nitrogen in the graphene

framework. The doped nitrogen into the graphene matrix makes the N-doped graphene more

AcSIR | CSIR-NCL | Narugopal Manna Page 34



Chapter-1

Pyrrolic
400.5eV

N i
Pyridinic  Pyridinic N*-O
398.6 eV 402-405 eV

Figure 1.21. Showing the presence of four types of doped nitrogen into the graphene structure
(Reprinted with permission, Copyright © 2015, John Wiley and Sons, License Number:
5314780760854).

tuneable with respect to the chemical and physical properties of the system. Therefore, the N-
doped graphene system has gained the interest of the researchers as an effective substrate with
great possibilities in the energy applications. Additionally, the N-dopping of the graphene
support makes the system active toward ORR. In this direction, significant research has been
done and important correlations could be derived related to the amount of the dopant level and
the ORR activity, implying that the doped nitrogen may have an important role in deciding the

catalytic activity.

1.7.15. Influences of the Morphologies of Heteroatom-doped Carbon Support: As
previously stated, the strategies focused on increasing the number density of the active sites
are widely accepted for improving the performances of the catalysts for the electrochemical
energy application. Therefore, the size, shape, and morphological modulations of the active
sites along with the right structural alterations of the support materials have received enormous
attention. The incorporation of a carbon support with a significant porosity could potentially
increase the density of the active sites. Considering this advantage, it can be stated that, the
morphology and porosity have considerable importance towards the electrochemical
performance improvement. Hence, the heteroatom-doped and porous structured graphene
materials with more customized morphologies have been projected as potential substrates for
the designing of high-performing catalysts for the oxygen electrochemistry applications.

1.7.16. Layered Double Hydroxides Supported Carbon: Nickel (Ni) is a common first-row
transition metal with high ductility and corrosion resistance. In the early twentieth century, the
oxides of Ni were discovered to have OER electrocatalytic activity in alkaline solution. The
most important observation was that the nickel (Ni) is always found to be mixed with a lower

quantity of Fe on the earth ore components. The presence of the Fe impurities in nickel
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hydroxide (Ni(OH)2) significantly alters the OER performance in alkaline media. Afterward,
this interesting discovery got the attention of many researchers. To find the correlation between
the Fe percentage in the Ni(OH)2 structure and OER activity, many studies were performed. In
addition, recently the Ni and Fe-based advanced structures such as nickel-iron layered double
hydroxides (NiFe-LDH) have been explored as active and durable OER electrocatalysts.
Furthermore, the lower conductivity of NiFe-LDH and durability could be overcome by adding
a suitable carbon additive, which serves as the substrate for the growth and dispersion of the
LDH moieties. In this direction, Magesh et al. reported NiFe/RGO, which outperforms the bare
NiFe and reference 1rO> in terms of OER with a lower benchmark over potential value of 0.245
V. Similarly, Sasaki et al., reported exfoliated NiFe-LDH nanosheets supported on two
different forms of graphene, viz., graphene oxide (GO), and reduced graphene oxide (rGO).*
The morphological alterations of NiFe-LDH incurred in the system resulted in an improved
OER performance. Furthermore, with respect to the two morphologies of the graphene
substrates, a difference in the electrochemical OER performance has been observed, which
reveals the importance of the right morphology of the selected substrate for the catalytically

active sites.

1.7.17. Spinel Oxide Supported Carbon: Spinel structures of oxides have been studied
extensively for their highly efficient ORR catalytic activity. The spinel structure of C0304 is
the most widely recognized as a promising ORR active catalyst. In the spinel structure of cobalt
oxides, cobalt exists in two different oxidation states (Co?* and Co®') and resides in the
tetrahedral and octahedral sites, respectively.®5-®8 The cobalt ions in different oxidation states
significantly alter the electron transport mechanism, which directly affects the electrocatalytic
ORR activity. Furthermore, the surface adsorption characteristics and electronic structure
modulations occur with alterations of the morphologies of the spinel oxides. For the reasons
stated above, the morphology modification has proven to be an effective strategy for increasing
the ORR activity. Hence, C0304 can be tuned into a variety of morphologies, such as
nanospheres, nanotubes, and nanosheets, which change the surface electronic properties and
thereby improve the ORR performance. Furthermore, combining Co3O4 with carbon materials
has been proven to be a quick way to boost its catalytic activity.®® Zhao et al. recently reported
mesoporous CozO4 nanowires with improved electrocatalytic activity.®! Figure 1.22 represents
the comparative electrochemical performance of the different CosO4-graphene composites. The
mesoporous spinel oxide-supported on reduced graphene (rm-Co304/3DG) shows a

significantly higher onset potential of 0.93 V (vs. RHE), which is comparable to the state-of-
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Figure 1.22. (a) The comparative cyclic voltammograms of m-Co304, 3D graphene, m-Co;04/3DG
and rm-Co3;04/3DG, and 20 wt% Pt/C electrocatalysts in Oz-saturated 0.1 M KOH aqueous solution;
(b) comparative linear sweep voltammograms recorded for m-Cos;0s, 3D graphene, m-Co;04/3DG
and rm-Co3;04/3DG, and 20 wt% Pt/C electrocatalysts in Oz-saturated 0.1 M KOH solution at the
working electrode rotation rate of 1600 rpm with a scan rate of 5 mV s; (c) comparble mass activity
m-Co304, 3D graphene, m-Co304/3DG, rm-Co304/3DG, and 20 wt% Pt/C at 0.199 V; (d) the Tafel
slopes derived from the LSV profiles; (d) the mass activities estimated for the catalysts ( Reprinted
with permission form reference 86 © 2020, Springer Nature, License Number: 5314840225171).

the-art Pt/C (0.97 V vs. RHE). Furthermore, the half-wave potential of rm-Co0304/3DG is
shown as 0.84 V (vs. RHE). In addition, the mass activity of the reduced graphene oxide-
supported catalyst (rm-Co304/3DG) is higher than the graphene oxide-supported mesoporous
Co0304. This reveals the important role played by the reduced graphene structure in favorably
altering the catalytic activity in the composites.®® Another report from the Tian-Yi Ma group
deals with the synthesis of various morphologies of the CosO4 nanocrystals (Figure 1.23) such
as the nanocube (NC), nanotruncated octahedron (NTO), and nanopolyhedron (NP).%2
Furthermore, the nanocrystals were decorated on nitrogen-doped reduced graphene oxide (N-
rGO) to overcome the conductivity and stability issues. Also, the electrochemical performance
measurements of the catalysts revealed the morphology-dependent bifunctional electrocatalytic
(ORR and OER) activity of the systems. In addition, to the morphological tuning of the spinel
structure of the cobalt oxide, further compositional tuning with other metals also improves the
bifunctional oxygen electrocatalytic activity. The bimetallic spinel structures of the oxides have
advantages over the single metal spinel oxides in terms of the electrochemical ORR and OER
electrocatalysts for the ORR and OER applications. The cobalt manganese spinel-type oxides

are a class of materials that several researchers have extensively studied. As the cobalt oxide
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Figure 1.23. Some strategies adopted for the morphology-controlled synthesis of the cobalt oxide-
supported nanocomposites (Co304-NC/N-rGO, C0304-NTO/N-rGO, and Co0304-NP/N-rGO),
followed by their evaluation towards oxygen electrocatalysis (Reprinted with permission form
reference 87, Copyright © 2017, John Wiley and Sons, License Number: 5314840424314).
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Figure 1.24. The ORR (a) and OER (b) activities of the commercial Pt/C, rGO, N-rGO, CMO,
CMO/rGO, and CMO/N-rGO (O-saturated 0.1 M KOH at a scan rate of 5 mVs™?); (c) the
comparative LSVs revealing the bifunctional (ORR and OER) activity of Pt/C, rGO, N-rGO,
CMO, CMO/rGO and CMO/N-rGO; (d) the voltage vs time curves of Zn-air battery recorded at a
current density of 20 mA cm2 (Reprinted with permission from reference 88, Copyright © 2014,

American Chemical Society).
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is a well-developed spinel oxide, incorporating Mn into the cobalt oxide lattice helps to create
more number of the active sites which are responsible for both OER and ORR. A report by Liu
et al reveals the preparation of a dual-phase spinel structure of MnCo0204 (dp-MnCo0204)
nanocrystals supported over the nitrogen-doped reduced graphene oxide and carbon nanotubes
(CNTSs), resulting in high-performance. (Figure 1.24) The synergistic interaction between the
spinel structure of the bimetallic oxide (dp-MnCo0204) and carbon nanotubes effectively
improves the bifunctional ORR and OER activities. The dp-MnCo.04/N-rGO hybrid catalyst
shows comparable ORR activity and significantly improved OER performance compared to
the commercial Pt/C. Furthermore, to know the important role played by the support, they have
compared the electrocatalytic OER and OER performances with two different support systems,
viz., CNT and nitrogen-doped reduced graphene oxide (N-rGO). The catalyst (dp-MnCo0204/N-
rGO) shows improved ORR performance than dp-MnCo204/CNT. Moreover, the OER
performance of dp-MnCo204/N-rGO is lower than that of dp-MnCo204/CNT. Furthermore, the
bifunctional activity (ORR and OER) of dp-MnCo0204/N-rGO is higher than that on dp-
MnCo204/CNT, revealing the advantage of N-rGO as a support over CNT. This result
suggested that the morphology of the support plays a significant role in deciding the
performance of the catalysts towards oxygen electrochemistry. In the case of the N-rGO
support, the presence of porosity favors efficient mass transport and provides more accessible

active sites.

1.8. Conclusions, Scope, and Objectives of the Thesis: In summary, the introductory chapter
of the present thesis includes a brief overview of the recent energy scenario and the importance
of the electrochemical energy technologies. It is obvious that a multi-directional strategy is
required to build economically viable electrochemical energy generation and storage systems
for prospective applications. Commercialization of fuel cells, metal-air batteries, and water
electrolyzers rely on the effectiveness of the oxygen electrochemistry (ORR/OER). Therefore,
the electrocatalysts with demand-specific active sites for ORR and OER reside on the top
priority, as they decide the PEMFC (ORR) and water splitting (OER) performance. Similarly,
to make the zinc-air batteries more economically successful, the appealing property of the
rechargeability should be added. This is possible if the air electrodes of RZAB can handle both
ORR (discharging) and OER (charging) processes at low overpotential. The high cost and
lower durability of the noble metal-based catalysts for ORR (Pt) and OER (IrO2 and RuO>)
remains the main obstacle to commercializing such electrochemical energy devices.

Furthermore, the poor bifunctional activity of such catalysts hinders the use of rechargeable
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ZAB air cathode. Hence, the low-cost, efficient, and durable electrocatalyst development for
ORR, OER, and both (ORR + OER) is necessary to manufacture affordable devices for
commercialization. Therefore, research on low-Pt and Pt-free catalyst synthesis with shape,
size, and morphology modulated mono and multimetallic moieties on the support has great
scope. However, the inability to fully utilize the active sites in the reaction interphase
suppresses the efficiency of the catalysts in device performance. This necessitates solutions
based on microstructure engineering of the catalyst support for extending the active "triple-
phase boundary (TPB)" unit. Therefore, the active reaction site tuning with surface morphology
modification could facilitate ORR and OER under various energy applications.

The key scope of the present thesis is to overcome these issues associated with the ORR/OER
electrocatalysts. Surface and porosity modifications of the 3D morphologies of graphene can
be carried out to improve the electrode kinetics in the electrochemical energy devices such as
water electrolyzers, PEMFCs, and metal-air batteries. The 3D structure of graphene can be
used as a support to achieve better intrinsic activities, electrical conductivity, and porosity of
the catalysts. Furthermore, heteroatom doping over the carbon support can be utilized as an
effective strategy for improving the active site dispersion characteristics. The developed
heteroatom-doped 3D structures of graphene support could be used as suitable supports for
developing low-cost and durable electrocatalysts based on layered double hydroxides and
spinel structured metal oxides for OER and ORR applications. In addition, to improve the
bifunctional oxygen catalytic activity (ORR/OER), the metal centers in the spinel oxides can
be stoichiometrically replaced with other metal species. Furthermore, to get the ORR
performance in an acidic medium with a low Pt-based system, Pt-based alloy moieties can be
suitably decorated over the same 3D support for PEMFC applications. These strategically
designed active sites for ORR and OER over the 3D graphene support can improve the activity
as well as mass transport properties with better feasibilities for establishing the active triple-

phase boundaries (TPB) both with the liquid and solid electrolytes.

The main objectives of the works covered in the thesis are as follows:

1. To modulate the surface area and porosity characteristics of the electrocatalysts for
ORR/OER applications by developing the catalysts based on the 3D graphene supports
intending to improve the mass transport properties of the gaseous reactants and products
released during the electrochemical processes. This strategy is expected to also help to
achieve better electrode-electrolyte interface formation.

AcSIR | CSIR-NCL | Narugopal Manna Page 40



Chapter-1

2. It is also decided to explore the possibilities to impart additional performance
enhancement from the 3D graphene scaffolds as substrates for catalysts by inducing
nitrogen doping into the graphene framework by which efficient anchoring sites for the
dispersion of the desired active sites can be achieved.

3. To develop various 3D graphene-based electrocatalysts by decorating active
components such as layered double hydroxides, spinel metal oxide nanoparticles, and
Pt-alloy nanoparticles to explore possibilities for achieving better catalysts with
modulated performance characteristics for OER and ORR and also to achieve an
efficient catalyst that can display ORR+OER bifunctional activity. The key
requirements such as structural integrity, reactant utilization, performance, and
durability need to be addressed while selecting the catalyst designing strategies for the
specific applications.

4. One of the specific objectives is to design a cost-effective OER electrocatalyst based
on nitrogen-doped entangled graphene framework (NEGF) bearing the nickel-iron
layered double hydroxide (NiFe-LDH) nanostructures through a process that prevents
restacking of the graphene sheets (NiFe-LDH/NEGF). The incorporation of NEGF is
expected to improve the effective utilization of the active sites and thus reduce the
overpotential for OER.

5. To explore the possibility of developing a Pt-free ORR electrocatalyst for ZAB
applications based on the Co304 spinel structure by a strategy involving both shape
controlling of the spinel oxide nanoparticles and their simultaneous dispersion on
NEGF (Co0304/NEGF). This is expected to reap the dual benefits of fine-tuning the
intrinsic activity of the active sites towards ORR and forming a process-friendly
catalyst texture.

6. The study also indents to impart ORR/OER bifunctional characteristics to the
abovementioned Coz04/NEGF catalyst by stoichiometrically incorporating a species
such as Mn into the Cos0a spinel lattice to form a bimetallic spinel oxide supported
NEGF (MnCo,04/NEGF) catalyst. With the bifunctional feature and the favorable
structural attributes originating from the NEGF texture, demonstration of an all-solid-
state RZAB is targeted by employing MnCo.04/NEGF as the air-cathode in the cell.

7. Tovalidate the possibility of developing a process-friendly catalyst for ORR in PEMFC
applications by creating the active sites of Pt-Co alloy nanoparticles on NEGF
(PtsCo/pNEGF) to function better under acidic conditions. The possibility of additional
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creation of porosity for oxygen enrichment also is another objective for this specific
application. The carbon support porosity, within the micro-and mesopore range, has a
significant impact on achieving the distribution of the small-sized alloy nanoparticles

as well as improving the mass transfer characteristics.
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Chapter 2

NiFe Layered double hydroxide-Decorated N-Doped Entangled-Graphene

Framework: A Robust Water Oxidation Electrocatalyst

Three Dimensional (3D) porous carbon materials are highly desirable for electrochemical applications
owing to their high surface area and porosity. Uniformly distributed porosity in the 3D architecture of the
carbon support materials allows the reactant molecules to access more numbers of electrochemical active
centres, and such morphologies also help for the simultaneous removal of the product formed during the

electrochemical reactions. To explore these

advantages, we have prepared nitrogen-doped
entangled graphene framework (NEGF) decorated
with the NiFe-Layered Double Hydroxide (NiFe-
LDH) nanostructures (NiFe-LDH/NEGF) by an in-
situ  solvothermal method followed by freeze-

drying at high vacuum pressure and low-

temperature conditions. The freeze-drying method
helped to prevent the restacking of the graphene

sheets and the formation of high surface area NEGF
supported NiFe-LDH. The incorporation of NEGF
has significantly reduced the overpotential for the electrochemical oxygen evolution reaction (OER) in 1
M KOH solution. This corresponds to an overpotential reduction from 340 mV for NiFe-LDH to 290 mV
for NiFe-LDH/NEGF to reach the benchmark current density of 10 mA cm™2. The preparation of the catalyst

is conceived through a low-temperature scalable process.

Content of this chapter is published in the following article: DOI: 10.1039/C9NA00808J
Nanoscale Adv., 2020, 2, 1709-1717
Reproduced with permission from Royal Society of Chemistry

AcSIR | CSIR-NCL | Narugopal Manna Page 49



Chapter 2

2.1. Introduction:

Owing to the increased energy demand and environmental concerns, it is an urgent need to focus on
alternative carbon-free fuels.! In this respect, fuel cell has emerged as a promising alternative technology
to the conventional heat engines.? However, being an electrochemical energy conversion device, its
sustainability as well as eco-friendly nature is directly dependent on the source of the fuel, e.g., H2 (having
the highest gravimetric energy density, i.e., 140 MJ/Kg).> Among the various ways of Hz generation, water
splitting can be the sustainable resource of H2.* Electrochemical water splitting involves two half-cell
reactions, i.e., cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution reaction
(OER). However, owing to the four proton-coupled four electron-transfer reactions, OER is
thermodynamically unfavourable, limiting the overall energy efficiency of these vital electrochemical
areas.® Currently, precious-group metal-based, i.e., IrO2- and RuO»-based, catalysts are the benchmark both
in the acidic and alkaline medium for OER.® However, their high cost and scarcity have triggered research
toward the development of low-cost and readily available active materials for scale-up utilizations.” In the
last few years, various earth-abundant transition metal (Mn, Fe, Co, and Ni) -based oxides, hydroxides, and
alloys have been explored as promising alternatives to catalyze OER in alkaline medium.®*° For instance,
Sumboja et al.8 designed NiMn layered double hydroxide as an efficient OER electrocatalyst. In another report,
Kang et al.!! demonstrated the activity of NiFe-oxide toward the water oxidation reaction. Despite
satisfactory performances, these support-free catalysts suffer from active centre agglomeration and poor
electronic conductivity issues, affecting their long-term stability.1** A way out to the conductivity issue is
to modulate the electronic structure by in situ anchoring of these transition metal oxides/hydroxides over
cost-effective conducting supports.’>® Among the various cost-effective conducting supports, carbon-
based materials with electrochemically favourable characteristics, i.e., high electronic conductivity and
surface area, have emerged as universal choices in the electrocatalysis field.*>® For instance, in a recent
report, Zhan et al.” achieved improved activity as well as stability by anchoring the OER-active NiFe
layered double hydroxides over nitrogen-doped graphene. Similarly, Chandrasekaran et al.® also reported

improved OER performance by anchoring NiFe layer double hydroxide over reduced graphene oxide.

Though two-dimensional (2D) graphene and one-dimensional (1D) carbon nanotubes have emerged as
convincing OER-catalyst supports, their in-depth micro-architecture has come out to be the proficiency-
limiting factor.'® For instance, theoretically, graphene provides a surface area of as high as ~ 2630 m?g*
as well as outstanding electrical conductivity.'*?° However, practically, the well-known restacking issue of

the graphene layers affects its surface area as well as electronic conductivity to a large extent.?! Besides,
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CNTs suffer from the low surface area, restricting sufficient active material loading as well as their
detachment during the reaction.?%2! Hence, tuning the micro-architectural characteristics of the catalyst-
support is a key contributor to increase the active centre loading as well as accessibility to tune the overall
performance.??> Among several potential candidates, three-dimensional entangled-graphene frameworks
(3D-EGF), having a high surface area as well as electronic conductivity, is gaining enormous attention as
the conducting support.?2% In spite of that, 3D-EGF with a hierarchical porous structure also serves as a
promising substrate to accommodate a huge number of exposed active materials to facilitate the seamless
diffusion of the electrocatalytic reaction species.?*2® Recently, several methods have been adopted for the
designing of the 3D graphene, including hard and soft-template-based methods?’, freeze-drying method®,
microporous template-based CVD method?®% and a nonporous metal-based CVD method.?82°

Among all these methods, the freeze-drying is found to be quite appealing as it generates plenty of
homogeneous porosity, as well as the process leads to the higher mechanical strength of the interconnected
graphene network.?”323% The primary activity degradation factors in the catalyst systems based on the
conventional support morphologies include insufficient electronic conductivity, poor active center
exposure, and hindered reaction species transport. By keeping all these performance-constraining factors
in mind, herein, a catalyst designing strategy has been introduced by involving the anchoring of the nano-
sized NiFe-layered double hydroxide (NiFe-LDH) over N-doped entangled graphene framework (NEGF)
with an expectation that the modified morphology of the catalyst will help to overcome the existing
challenges involved in the water oxidation reaction. The rationally designed NEGF acted as a useful active
substrate to tune the electronic structure and the NiFe-LDH distribution, along with providing an

architecture comprised of open and exposed catalytic systems.

2.2. Experimental:

2.2.1. Materials:

Nickel acetate hexahydrate [Ni(OAc)2-6H20], iron acetate hexahydrate [Fe(OAc)2-6H20], ammonium
hydroxide (NHsOH), graphite, and potassium permanganate (KMnOs) were purchased from Sigma-
Aldrich. Phosphoric acid (HsPO4) and sulphuric acid (H2SO4) were purchased from Thomas Baker. The

entire chemical reagents were used as such without any further purification.

2.2.2. Synthesis of Graphene Oxide (GO):

Improved Hummer’s method was employed for synthesizing graphene oxide (GO)?. In brief, 3 g of graphite

powder and 18 g of KMnOs were well mixed by using a mortar and pestle. After complete mixing, the
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powder was slowly added to the flask containing a solution mixture of H3PO4:H2SO4 (1:9) at 0 °C. After
complete transfer of the solid combination, the temperature of the solution was increased slowly up to 60
°C and was kept for 12 h at a constant temperature. After completion of the reaction, the solution mixture
was held for a few hours with regular rotation to reach the temperature at room temperature. The obtained
reaction mixture was slowly poured into ice-cooled water containing 3% H20., which leads to a yellowish
solution. It was then washed several times with distilled water followed by centrifugation at 210000 rpm.
The obtained solid residue was further washed with 30% HCI for the removal of any metal impurities. This
was again washed with plenty of water to neutralize the acidic pH. Finally, a dark chocolate-colored highly
viscous solution was obtained, which was further washed with ether and kept in an oven for drying at 40
°C.

2.2.3. Synthesis of Nitrogen-doped Entangled Graphene (NEGF):

60 mg of GO was dispersed in 20 ml (3:1) of an aqueous solution of ammonia (30% v/v) via water-bath
sonication and overnight stirring. The complete solution was transferred into a Teflon-lined autoclave and
the mixture was kept for 12 h at 180 °C. After complete cooling to room temperature, the sample was
washed by water for 5-6 times to remove the excess ammonia, followed by freeze-drying to prepare the

nitrogen-doped entangled graphene framework (NEGF).

2.2.4. Synthesis of NiFe-LDH Supported Nitrogen-doped entangled graphene (NiFe-LDH/NEGF):

60 mg of the as-prepared GO was added to 20 ml (3:1) of an aqueous solution of ammonia (30% v/v), via
water-bath sonication and overnight stirring. After the complete dispersion of GO, Ni(OAc)2.4H,0 and
Fe(OAC)2.4H,0 were added to the solution and the mixture was kept stirring for another 6 h. After complete
mixing of the metal ions, the reaction mixture was transferred into a Teflon-lined autoclave and heated at
180 °C for 12 h. Subsequently, the autoclave was allowed to cool down naturally and the sample was
washed by water for 5-6 times to remove the excess ammonia. This was further subjected to freeze-drying
for 10 h at -52 °C under high vacuum pressure. After the completion of the freeze-drying process, the

sample was collected, which adopted a flaky kind of structure.

2.2.5. Synthesis of unsupported NiFe-LDH:
Synthesis of NiFe-LDH was done by adding nickel acetate and iron acetate salt into 20 ml (3:1) of aqueous
solution of ammonia (30% v/v), and the mixture was thereafter kept for 6 h with constant stirring. After

complete mixing, the solution was transferred into a Teflon-lined autoclave and the system was kept for 12
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h at 180 °C. After complete cooling to room temperature, the sample was washed with water 5-6 times to
remove the excess ammonia. The final sample was dried in an oven at 60 °C and collected.

2.2.6. Synthesis of Ni(OH)2/NEGF:

Synthesis of Ni(OH)2/NEGF has been done in the same way as NiFe-LDH/NEGF, except for the addition
of iron acetate. 60 mg of GO was dispersed in 20 ml (3:1) of an aqueous solution of ammonia (30% v/v)
via water-bath sonication and overnight stirring. After complete dispersion of GO, nickel acetate was added
to the solution and the mixture was kept for 6 h with constant stirring. After complete mixing, the solution
was transferred into a Teflon-lined autoclave and heated for 12 h at 180 °C. After complete cooling to room
temperature, the sample was washed with water 5-6 times to remove the excess ammonia, followed by
freeze-drying to prepare Ni(OH)./NEGF.

2.2.7. Synthesis of NiFe-LDH/NEGF (w/0):

To comparatively study the effect of freeze-drying and doped nitrogen atom on the carbon support, we have
synthesized NiFe-LDH over the nitrogen-doped graphene without freeze-drying, which is named as NiFe-
LDH/NEGF (w/0). The process involved for the synthesis of NiFe-LDH/NEGF (w/0) is the same as that
adopted for NiFe-LDH/NEGF, except that, instead of using freeze-drying, the sample was dried by filtration
after hydrothermal treatment for 12 h at 180 °C.

2.2.8. Synthesis of NiFe-LDH/EGF:

Instead of ammonia, only water was used to study the effect of nitrogen-doping, and the sample is named
as NiFe-LDH/EGF. The synthesis process of NiFe-LDH/EGF is the same as that of NiFe-LDH/NEGF,
except that, instead of using ammonia solution, only water was used as the solvent, followed by

solvothermal treatment of the mixture for 12 h at 180 °C and applying the freeze-dried method.

2.2.9 Material Characterization:

The morphological investigation was performed using field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) methods. FESEM analysis was performed by FEI
Nova Nano SEM 450 FESEM microscope. TEM images were recorded on a Tecnai T-20 instrument at an
accelerating voltage of 200 kV. The TEM sample was prepared by drop coating of the well-dispersed
sample in isopropyl alcohol (1 mg of sample in 5 ml solvent) on a carbon-coated 200 mesh copper grid.
The sample-coated TEM grid was dried for 1 h under an IR-lamp. The as-synthesized sample’s crystallinity
was measured by the powder X-ray diffraction (PXRD) analysis. The XRD measurement was performed

on a Rigaku Smart Lab diffractometer with Cu Ko radiation (A = 1.5406 A) with a scan rate of 5° min™in
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the 20 range of 5 to 80°. X-ray photoelectron spectroscopy (XPS) was performed using a fully integrated,
monochromated small spot X-ray photoelectron spectrometer (XPS) system. It is specified with the 180°
double focussing hemispherical analyzer-128-channel detector and micro-focused Al Ka as X-ray
monochromator source. Thermal stability of the material and the metal composite loading over the carbon
were analyzed using an SDT Q600 DSC-TDA thermo-gravimetric (TG) instrument in the temperature
range of RT (Room Temperature)-900°C at a constant heating rate of 10 °C mint in an oxygen atmosphere.
Raman spectral investigations were carried out using a 632 nm green laser (NRS 1500W) on an HR 800
RAMAN spectrometer. N> adsorption-desorption isotherm experiments were performed on a
Quantachrome Quadrasorb automatic volumetric instrument to analyze the surface area and pore volume

of the samples.

2.2.10. Electrochemical Studies:

The electrochemical data were acquired with the help of a set of electrochemical techniques, including
linear sweep voltammetry (LSV) using a rotating disc electrode (RDE) made of glassy carbon (0.0706 cm?)
connected to the Pine Instrument. A three-electrode electrochemical cell was used with an SP-300 model
Bio Logic potentiostat. Hg/HgO was employed as the reference electrode, and graphite rod (Alfa Aesar,
99.99%) was used as a counter electrode. For OER performance comparison, we included the
electrochemical activity profiling of 20% RuO,/C. RuO2/C was prepared from commercial RuO; hydrate
by adopting the procedure reported by Thomas Audichon et al.? The heat-treated RuO2 was mixed with
Vulcan carbon in the composition ratio of 1:4 to get 20% RuO2/C. The catalyst slurry was prepared by
mixing the catalyst (5 mg) in 1 mL isopropyl alcohol-water (3:2) solution and 40 pL of Nafion solution (5
wt%, Sigma-Aldrich) using water-bath sonication for approximately 1 h. After well mixing, the catalyst
slurry was coated on the surface of the working electrode, which was polished with 0.3 pm alumina slurry
in DI-water followed by cleaning with DI-water and acetone. 2.5 pL of the ink was drop coated on the
surface of the RDE (0.0706 cm?) electrode. After coating the material on the electrode surface, the electrode
was dried under an IR-lamp for 1 h. A catalyst-coated dry electrode was prepared for the electrochemical
study. An aqueous solution of 1 M KOH (de-aerated with nitrogen gas) was used as an electrolyte for the
RDE experiments. All the electrode potentials were first converted into the reversible hydrogen electrode
(RHE) through an RHE calibration experiment, which was done previously in our lab®, and for 1 M KOH,
E (RHE) = E (Hg/HgO) + 0.917 V. All the RDE experiments were carried out at a constant rotating rate of
1600 rpm in order to maintain a uniform ionic concentration of the reactant as well as to prevent

accumulation of the products, i.e., Oz bubbles over the electrode surface. The linear sweep voltammetry
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Figure 2.1. Schematic representation for the synthesis of NiFe-LDH-anchored N-doped 3D entangled graphene
framework (NiFe-LDH/NEGF) and its application as an efficient OER electrocatalyst. (Reprinted (adapted) with
permission from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

data was corrected with 65% iR-compensation, where i and R indicate the current measured and the ohmic
resistance employed between the working and reference electrode, respectively. Current densities were
normalized by the known value of electrode surface area, and the reaction overpotential was determined
using the equation: » = [E(RHE) — 1.23] V. The Faradaic impedance was measured using the PEIS
technique (Potentiostatic Electrochemical Impedance Spectroscopy) by using a SP-300 Biologic test station
in the Faradaic region at 1.57 V vs. RHE covering the 100 kHz - 0.1 Hz frequency range with 10 mV
amplitude of sinusoidal potential perturbation as followed by J.F.C. Boodts et al.* to study the Faradaic
impedance of oxygen evolution reaction. All the impedance values are normalized with the electrode area
of 0.0706 cm?.

2.3. Results and Discussion

The preparation procedure for the homogeneously distributed NiFe-LDH over NEGF involves two steps,
as illustrated in Figure 2.1. The reaction mixture was first treated solvothermally followed by lyophilization
under high vacuum and low temperature (-52 °C) conditions. The adopted lyophilization process helped to
prevent the graphene sheet-restacking at these experimental conditions, generating an entangled graphene
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Figure 2.2. FESEM images of (a) NEGF; (b) NiFe-LDH/NEGF; (c) NiFe-LDH/NEGF (w/0); (d), (e), and (f) are
the TEM images of NiFe-LDH/NEGF recorded at different magnifications. (Reprinted (adapted) with permission
from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

framework by crosslinking of the graphene sheets.?® The interesting role played by ammonium ion is that
it helps in the strengthening of the graphene hydrogel along with nitrogen doping at a temperature of as low
as just 180 °C in the solvothermal conditions.®* Ammonium hydroxide enhances the interaction between

two graphene sheets by its alkaline hydroxyl groups and ammonium ions.
2.3.1. FESEM Analysis:

The formation of hierarchical NEGF was first examined through field-emission scanning electron
microscopy (FESEM). Figure 2.2a represents the FESEM image of NEGF, displaying a 3D entangled
network formulated with randomly oriented graphene nanosheets. Such an entangled 3D framework not
only prevented the agglomeration of the graphene nanosheets but it also provided high surface area as well
as porosity to the matrix. It, henceforth, facilitated the easy migration of reactants and gaseous products
released during the electrochemical reactions.?#?® Such a type of interconnected graphene framework is
also retained during the in situ loading of the active material, i.e., NiFe-LDH, as depicted in Figure 2.2b.
Figure 2.2c shows the FESEM image of the NiFe-LDH-anchored nitrogen-doped graphene without the
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freeze-drying step, presenting ill-defined agglomerated morphology with thick and stacked graphene
patches. Hence, FESEM analysis supports the role of lyophilization to prevent the restacking of the

a) Nil'c-LDH/EGE

P

L

Figure 2.3. TEM images of the samples: (a) and (b) are the images of NiFe-LDH/EGF; (c) and (d) are the images
of the unsupported NiFe-LDH. (Reprinted (adapted) with permission from Nanoscale Adv., 2020, 2, 1709.
Copyright (2020) Royal Society of Chemistry).

graphene nanosheets, assisted by the water removal at the high vacuum and low-temperature conditions.
2.3.2. TEM Analysis:

Next, to FESEM, transmission electron microscopy (TEM) analysis was performed to find out the size and
distribution of the decorated NiFe-LDH over the graphene sheets. Figures 2.2d and 2.2e represent the TEM
images of NiFe-LDH/NEGF recorded at different magnifications. The TEM analysis revealed a
homogenous distribution of the layered double hydroxide nanostructures over NEGF. The further
magnified TEM image presented in Figure 2.2f depicts that the anchored LDH nanostructures are ill-

resolved and amorphous in nature. The amorphous nature of the anchored NiFe-LDH is further supported
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Figure 2.4. EDS pattefh' of the N}Fé'-:-l‘_bH/l{iEéE":('Reprinted (adapted) with permission from Nanoscale Adv.,
2020, 2, 1709 Copyright (2020) Royal Society of Chemistry).

by the diffused ring pattern in selected area electron diffraction (SAED) analysis (inset of Figure 2.2f). The
role of N-doping toward facilitating the homogenous distribution of the metal hydroxides over NEGF is
also studied by comparatively analyzing the TEM images of NiFe-LDH-anchored N-doped and un-doped
entangled graphene framework (EGF). Figures 2.3a and 2.3b represent the TEM images of NiFe-LDH-
supported un-doped EGF, depicting the larger agglomerates of NiFe-LDH over the support sheets. This
finding shows the crucial role played by N- doping to create plenty of metal anchoring sites along with the
tuning of the size of LDH nanostructures as well as in avoiding their agglomeration.® Further, to study the
need of support for decorating discrete active LDH nanostructures, TEM analysis was extended to a
support-free NiFe-LDH system. The comparative study showed that, in the absence of any substrate, LDH
depicts more chances of agglomeration and acquiring a bulky morphology (Figure 2.3c and 2.3d). We
have further extracted the weight % and atomic % of the various species present in the sample and the
corresponding data is presented in Figure 2.4. The respective elemental composition is shown in Table
2.1

2.3.4. BET Analysis:

The BET analysis of NiFe-LDH/NEGF evidenced the essential role played by freeze-drying toward
maintaining a highly porous and exposed surface of the catalyst. It is reflected both through the surface area
obtained, i.e., 328 m?/g, as well as porosity from the pore size distribution profile giving the distribution of
pores in the range of 2 to 5 nm (Figure 2.5a). These results further guarantee the individual graphene sheets

acquired into the bulk structure. Of note, the surface area of NEGF is found to be higher than that of NiFe-
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LDH/NEGF (547 m?/g vs 328 m?/g), which is obvious owing to the blockage and covering of some of the
pores of NEGF through the as-grown NiFe-LDH nanostructures. As depicted in Figure 2.5a,

Table 2.1. EDS data corresponding to NiFe-LDH/NEGF. (Reprinted (adapted) with permission from Nanoscale
Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

Element Weight % Atomic %
CK 52.13 64.08
N K 10.21 10.76
OK 23.25 21.45
FeK 6.95 1.84
NiK 7.46 1.88

NiFe-LDH/NEGF shows the higher cumulative area in the pore size range of 2 to 5 nm, suggesting the
mesoporous nature of NiFe-LDH/NEG. However, the pore-size distribution profile of NiFe-LDH/NG (w/0)
showed diminished intensity in the above-mentioned pore-size region, supporting the role

of freeze-drying to make an open and exposed catalyst framework. Pore size distribution analysis is also
extended on NEGF, presenting a similar pore size distribution profile to that of NiFe-LDH/NEGF (Figure
2.5a). To make a better understanding of the contribution of different parameters towards catalytic
performance, BET isotherms for all the samples are recorded and the corresponding data is presented in
Figure 2.6a. Furthermore, the pore size distribution profile for NEGF shown in Figure 2.6b reveals the

presence of a similar distribution of porosity.

2.3.5. XRD analysis:

To identify the phase and crystallinity of the as-synthesized samples, X-ray diffraction (XRD) analysis has
been performed. Figure 2.5b consists of the comparative XRD patterns for NEGF and NiFe-LDH/NEGF.
PXRD pattern for NEGF shows an intense peak at the 20 value of 26°, corresponding to the (002) diffraction
peak of the reduced graphene oxide.?® PXRD pattern of NiFe-LDH/NEGF shows a comparatively intense
and prominent (001) plane, matching well with the JCPDS Card No. 040-0215. NiFe-LDH/NEGF also
shows a broad and intense (002) plane of NEGF, attributing to the anchoring of NiFe-LDH over NEGF. To
study the role of Fe incorporation in the Ni-hydroxide crystal structure, the growth of nickel hydroxide over
the nitrogen-doped entangled graphene (NEGF) has been realized in the same reaction conditions and has
been abbreviated as a-Ni(OH)2/NEGF. Comparative PXRD patterns of a-Ni(OH)2/NEGF and NiFe-
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Figure-2.5. Comparative physical characterizations of the as-prepared catalysts: (a) pore-size distribution profiles
of NEGF and NiFe-LDH/NEGF; (b) PXRD patterns of NEGF, a-Ni(OH)2, and NiFe-LDH/NEGF; (c) Raman
spectra of GO, NEGF, and NiFe-LDH/NEGF and (d) TGA profiles. (Reprinted (adapted) with permission from
Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

LDH/NEGF suggested the increased order of the hydroxide layers after the Fe incorporation into the a-

Ni(OH), crystal structure owing to the poor intensity of the hydroxide peaks in the former case.%6:3
2.3.5. Ramnan analysis:

Next, to the crystal phase identification, Raman analysis was conducted to investigate the graphitizationand
defect extent in the microstructure of the synthesized graphene-based materials. Figure 2.5¢c comprises the
comparative Raman spectra of GO, NEGF, and NiFe-LDH/NEGF. The spectra show that the typical peaks
for all the samples are located in the range of 1300 and 1600 cm™, which is due to the stock phonon
interaction of the carbon materials created by the laser excitation.*® In all the comparative samples, the
intense peak at 1320 cm™ is due to the defective (D) nature of the carbon, including disorders in bonding,

heteroatom doping, and vacancy in the carbon lattice.3” As shown in Figure 2.5c, another intense peak
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Figure 2.6. BET analysis of NEGF: (a) comparative BET isotherms of NEGF, NiFE-LDH, NiFe-LDH/NEGF, and
NiFe-LDH/NEGF (w/0); and (b) pore size distribution profile. (Reprinted (adapted) with permission from
Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

appeared in the range of 1580 to 1600 cm™ is attributed to the graphitic nature of the carbon,® indicating
ordered lattice structure from the vibration of the Csp? in the plane.®® The intensity ratio of the defective
carbon peak to the graphitic carbon peak, i.e., Io/lg ratio, helps to find out the extent of defects/disorders
and graphitization extent in the carbon-based materials.3*3® The Ip/I values for NEGF (1.31) and NiFe-
LDH/NEGF (1.25) are higher than that of GO (0.95), suggesting the GO reduction to reduced graphene
oxide (rGO) during the hydrothermal treatment. Besides, higher intensity of the defective carbon for NEGF
and NiFe-LDH/NEGF is demonstrating a decrease in the average size of the sp? domains due to the removal
of the oxygen-containing functional groups and dopping of nitrogen (N) atom over the carbon atom.344!
Higher defect and disorders over the carbon support help to generate plenty of nucleation sites for the

nanoparticle growth, their controlled homogeneity, and size distribution.*!

2.3.7. TGA analysis:

After confirming the highly open, and entangled graphene framework characteristics of NEGF along with
the good active material dispersion over it, thermogravimetric analysis (TGA) was employed to get the
idea of total active material loading over NEGF. TGA was carried out by annealing the sample from 25 to
900 °C with a scan rate of 5 °C per minute in an oxygen atmosphere. Figure 2.5d represents the TGA
curves for NEGF, NiFe-LDH, NiFe-LDH/NEGF, and NiFe-LDH/EGF. For all the compared samples, an
initial weight loss was observed near around 100-150 °C, owing to the evaporation of physisorbed water

molecules. NEGF contains only a composite of nitrogen, oxygen, and major content of carbon, which starts
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Figure-2.7. XPS analysis: (a) XPS survey scan spectra of NEGF and NiFe-LDH/NEGF; (b) XPS spectra of Fe2p
in NiFe-LDH and NiFe-LDH/NEGF; (c) XPS spectra of Ni 2p in NiFe-LDH and NiFe-LDH/NEGF; (b), (c) and
(d) are the high-resolution deconvoluted spectra of Ni 2p, Fe 2p and N 1s of NiFe-LDH/NEGF, respectively.
(Reprinted (adapted) with permission from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of
Chemistry).

burning at around 400 °C, and at near 500 °C, complete calcination is observed in the oxygen atmosphere.
This complete conversion of carbon and nitrogen to mixed oxide products fly off, so the rest of the sample
weight becomes zero. In the case of NiFe-LDH, no such major weight loss was observed. However, in the
other two supported systems, i.e., NiFe-LDH/NEGF and NiFe-LDH/EGF, reasonable water loss is
encountered owing to the presence of LDH and porous carbon having larger accessibility for a physisorbed
water molecule. In the two later samples, major weight loss in the temperature region of 350 to 500 °C
might be because of the oxidation of carbon. As it is already illustrated in the Raman analysis section that,
nitrogen doping over the carbon surface helps to create plenty of metal-binding sites, which increases the
metal support interactions.** This can be further supported by the TGA data. As visible from Figure 2.5d
NiFe-LDH/NEGF shows comparatively higher active material loading (~35%) than that of NiFe-
LDH/EGF (~20%). This strongly anchored and higher active material loading may help toward improving

the electrocatalytic activity and durability.*
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2.3.8. XPS analysis:

The electronic structure tuning of all the surface elements, i.e., N-doping over the carbon support, binding
energy change due to the catalyst support interactions, and formation of NiFe-LDH, is thoroughly analysed
by employing X-ray photoelectron spectroscopy (XPS) measurements. Figure 2.7a represents the survey
spectra of NEGF and NiFe-LDH/NEGF, affirming the presence of Ni, Fe, O, N, and C in NiFe-LDH/NEGF
and N, O, and C in NEGF. In both the cases, the common elements C, O, and N are having binding energy
values located at around ~284.8, ~531.5, and ~400.5 eV, respectively.*3#44 In the case of NiFe-
LDH/NEGF, two new peaks are present at ~710.8 and ~855.6 eV, corresponding to the elements Fe and
Ni, respectively.*¢4"48 From Figure 2.7a., it is apparent that the surface composition of carbon and nitrogen
is decreased in NiFe-LDH/NEGF, which is due to the coverage of NiFe-LDH over the nitrogen-doped
carbon. However, the O1s peak is found to intensify after the NiFe-LDH loading, basically coming from
the hydroxide moieties as well as intercalated carbonate and water species.***142 To know the electronic
interaction of NEGF and NiFe-LDH, the binding energy value for Ni 2p and Fe 2p has been compared
(Figures 2.7b and 2.7c). There is a strong interaction between supported NiFe-LDH and the doped-N of
the graphene. Due to the electronegativity difference between the doped-N and NiFe, there will be electron
transfer between these two entities. The comparable XPS spectra of NiFe-LDH and NiFe-LDH/NEGF
shown in Figure 2.7b and 2.7c clearly show a shift in the binding energy of the metals, evidencing the
electron transfer from the doped nitrogen to the metal, which is responsible for the reduction in B.E. These
core level spectra were deconvoluted to study their chemical state in the LDH-system. Figure 2.7d
represents the deconvoluted Ni 2p spectrum of NiFe-LDH/NEGF, depicting the two main spin-orbit
doublets of Ni, i.e., Ni 2p3/2 (873.3 eV) and Ni 2p1/2 (855.6 V) along with two bands. The binding energy
value of these two doublets suggests the +2 oxidation state of Ni in the NiFe-LDH system.*®4° Figure 2.7¢e
represents the deconvoluted XPS spectra of NiFe-LDH/NEGF in the Fe 2p core level. It exhibits two
prominent spin-orbit doublets located at 710.9 and 725.1 eV corresponding to Fe 2ps;2 and Fe2ps;2 splitting
for Fe3* oxidation state, respectively.[5*% Hence, deconvolution as well as binding energy assignment of
the different spin states of Ni and Fe core-level spectra has helped to find out the oxidation states of the two
elements in LDH. Further, high-resolution XPS of NEGF and NiFe-LDH/NEGF are comparatively
analyzed in the C 1s, O 1s, and N 1s core regions (Figure 2.8 and Figure 2.7f). Various chemical states of
carbon, i.e., C-C, C=C (284 eV), C-O (286 eV), and C-N/C=N (400 eV), with different binding energy
values owing to the unique chemical environment of carbon as marked in the respectively (Figure 2.8a
and 2.8b.).*** The C 1s spectrum of NiFe-LDH/NEGF showed an additional CO3>~ anion peak at 289.8
eV, indirectly illustrating the growth of layer double hydroxide over NEGF.*64748 Subsequently,
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Figure 2.8. XPS analysis: (a) C 1s spectra of NEGF; (b) C 1s spectra of NEGF; (c) O 1s spectra of NiFe-
LDH/NEGF; (d) O 1s spectra of NEGF and (e) N 1s spectra of NiFe-LDH/NEGF. (Reprinted (adapted) with
permission from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

deconvoluted O1s core level spectrum was comparatively examined for both NEGF and NiFe-LDH/NEGF
as given in Figures 2.8c and 2.8d. In NEGF, oxygen binds with carbon in the form of C-O, C=0, and
epoxy group formation. However, in case of NiFe-LDH/NEGF, O 1s spectra show quite good disparity
owing to the surface rich layer of the double hydroxide (LDH), having oxygen coordinated in the form of
Ni(OOH), Fe-OH, Ni-OH, and in the carbonate or lattice H>O form. Deconvoluted N 1s spectra of NEGF
and NiFe-LDH/NEGF are also examined to know the types of nitrogen present in the graphene matrix along
with their total percentage in Figures 2.8e and 2.7f. The N 1s spectrum of NEGF (Figure 2.8¢) identifies
a higher percentage (42.4%) of pyrrolic-N (399.7 eV) and almost similar percentage (41.6%) of pyridinic-
N (398.6 eV) along with a lower quantity (15.9%) of quaternary-N (400.5 eV). Further, the N 1s spectrum
of NiFe-LDH/NEGF is also deconvoluted to find out any change in the XPS spectrum after the NiFe-LDH
loading over NEGF. Figure 2.7f depicts the deconvoluted N 1s spectrum locating all the deconvoluted
peaks which are present in NEGF, suggesting the N-doping in graphene matrix remains the same during
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the in situ loading of NiFe- LDH. Thus, deconvoluted XPS of C 1s, O 1s, and N 1s clearly conclude the
solvothermal-assisted reduced graphene oxide formation as well as layer double hydroxide growth.

2.3.9. Electrochemical Analysis:

All the employed physical characterization techniques conclude the formation as well as favorable
characteristics of NiFe-LDH/NEGF to catalyze the water oxidation reaction. The study was extended
subsequently to understand the electrocatalytic performance characteristics of the catalyst. The dedicated
electrochemical analyses were carried out by employing various techniques, e.g., electrochemical surface
area (ECSA) measurement, linear sweep voltammetry (LSV) and chronoamperometry. All the analyses
were carried out using Hg/HgO as a reference electrode in 1 M KOH, which was further calibrated to RHE
using the standard calibration method.*® All the polarization curves were recorded after an ohmic potential
drop (iR-drop) compensation by 65%. Comparative ECSA values were first examined to find out the
accessible active center density of the various employed catalysts. For platinum-free systems, double-layer
capacitance (Ca)) in the non-Faradaic region is the reasonable parameter to measure the ECSA.>® Figures
2.9 and 2.10a show the higher double-layer capacitance (Cai) values possessed by NiFe-LDH/NEGF (7.9
mF cm™2), as compared to that of the other two samples, i.e., for NiFe-LDH/NG (w/0) (3.7 mF cm™2) and
NiFe-LDH (1.0 mF cm™2). It suggests higher charge accumulation as well as electrolyte infiltration on the
highly exposed and open texture of the catalyst system (NiFe-LDH/NEGF).
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Figure 2.9. ECSA measurement through electrochemical double-layer charge capacitance (Ca)) measurement by
recording CV in the non-Faradic region at different scan rates of 10 to 110 mV/s: (a) NiFe-LDH; (b) NiFe-
LDH/NEGF (w/0), and (c) NiFe-LDH/NEGF. (Reprinted (adapted) with permission from Nanoscale Adv., 2020,
2, 1709. Copyright (2020) Royal Society of Chemistry).

Figure 2.10b represents the polarization curves recorded for oxygen evolution reaction (OER). The
overpotential observed at a current density of 10 mA cm ™2 for NiFe-LDH/NEGF (290 mV) is lower than
that of NiFe-LDH (350 mV), NiFe-LDH/NG (w/o) (340 mV), and 20% RuO,/C (310 mV). Higher
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Figure-2.10. Electrochemical analysis of the as-synthesized catalysts in 1 M KOH: (a) comparative plots of the
scan rate dependent double-layer capacitive current density (Cdl) at 0.91 V vs. RHE; (b) the OER polarization
curves recorded at 10 mV s* scan rate and 1600 rpm of the working electrode; (c) Tafel plots; (d) Nyquist plots
recorded on NiFe-LDH, NiFe-LDH/NEGF, 20 % RuO./C and NiFe-LDH/NEGF(w/0) at an applied potential of
1.57 V in the AC frequency range between 100 kHz and 0.1 Hz; (e) chronoamperometric stability test for NiFe-
LDH/NEGF; (f) LSV plots recorded over NiFe-LDH/NEGF before and after the 1000 CV cycles. (Reprinted
(adapted) with permission from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

Table 2.2. Comparison of the OER activity data of the present work. (Reprinted (adapted) with permission from
Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

Electrocatalysts Overpotential Douple Layer Tafel Slc?p (mV
(mV) Capacitance (Ca) dec?)
NiFe-LDH 350 mV 1.1 mF cm? 72
LDH’)',LF(‘;W o) 340 mV. 3.9 mF cm2 71
NiFe-LDH/NEGF 290 mV 8.8 mF cm™ 68
20% RuO2/C 310 mV - 108
NiFe-LDH/EGF 370 mV - -

electrocatalytic activity of NiFe-LDH/NEGF toward OER, as compared to that of NiFe-LDH, clearly
reveals the effect of NEGF support to distribute the active NiFe-LDH homogenously by alleviating the

active center agglomeration. Moreover, the effect of freeze-drying is also reflected in the polarization

AcSIR | CSIR-NCL | Narugopal M

anna

Page 66



Chapter 2

plots, representing the poor activity of the sample without freeze-drying (i.e., NiFe-LDH/NG (w/0)). All
the catalysts composed of Ni have a characteristic oxidation peak just before starting the OER process;
however, due to higher OER current in the LSVs, these peaks are not prominently visible. However, after
zooming in the oxidative region, these peaks can be visualized prominently as shown in Figure 2.11b. The
oxidation peak at 1.4 V is derived from the oxy hydroxyl formation of the NiFe active sites. This peak is
coming mostly in the Ni-based systems. When Ni is mixed with Fe, the intensity of the peak is enhanced
by the redox-active metal centers. As the conductivity as well as activity of the NiFe system becomes low
during oxy hydroxyl ion formation, the current generated will not become that much significant. In the case
of the carbon-supported systems viz. NiFe-LDH/NG (w/0) and NiFe-LDH/NEGF, the intensity of the peak
increases. In the case of the system without freeze-drying, NiFe-LDH/NG (w/0), the activity is too low
compared to NiFe-LDH/NEGF. Hence, the peak at 1.4 V for NiFe-LDH/NG (w/0) system is not a
prominent one. On the other hand, in the case of NiFe-LDH/NEGF, the activity is high, and so the intensity
of the peak at 1.4 VV when all the synergy works well for this system. Since, in the case of NiFe-LDH/NG

(w/0), the self-assembly texture gets collapsed and thus restricts the active center accessibility.

Further, the role of N- doping for designing a robust catalyst can also be studied by comparatively analyzing
the OER activity for NiFe-LDH/NEGF and NiFe-LDH/EGF (w/0). Figure 2.11a represents the lower
performance of NiFe-LDH/EGF (370 mV) as compared to that of NiFe-LDH/NEGF (290 mV). The reason
for such a performance variation substantiates the role of nitrogen doping, which provides better interaction
of the active material with support as well as its better active material dispersion property. Hence, N-doping
helps to improve the electrocatalytic activity by controlling the particle size as well as facilitating higher
catalytic active center loading. Table 2.2 and Table 2.3 summarize the performance of the various

employed catalysts and comparable performance with previously reported catalysts.

Kinetics for the adsorption of the reactant and intermediates as well as desorption of the product, i.e., O
over the catalytic site, can be examined by Tafel analysis. A lower Tafel slope defines faster reaction
kinetics, low overpotential, and higher Kinetic current density. The Tafel slope was obtained by plotting the
log of current density (log j) vs. potential (V) in the OER potential range. The comparative Tafel plots for
NiFe-LDH/NEGF (68 mV/dec), NiFe-LDH (72 mV/dec), NiFe-LDH/NEGF (w/0) (72 mV/dec) and 20%
RuO./C (68 mV/dec) are shown in Figure 2.10c. The lower Tafel value for NiFe-LDH/NEGF indicates
better OER kinetics as compared to that of the other catalysts. To further determine the kinetics of the
electron transport in various employed catalysts, the Faradaic impedance analysis at a particular potential

(1.57 V) was performed. N-doping in graphitic carbon matrix is expected to give better electrochemical
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Table 2.3. Comparison of the OER activity data of the present work with the different works published in the
literature (Reprinted (adapted) with permission from Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal

Society of Chemistry).
Sr. Over potential Tafel slop
No. Electrocatalyst (mV) Electrolyte (mV/dec.) Ref.
1, | NiFe LDH/oGSH 350 0.1 M KOH 54 4
hybrid
NiFe LDH/C
2. (Vulcan XC-72R) 360 0.1 M KOH 51 5
3. | NiFe LDH/CNT 308 0.1 M KOH 35 6
hybrid
4. NiFeOx fim 336 1.0 M KOH 30 7
5. NiFe LDH 302 1.0 M KOH 40 8
6. Ni-Fe 331 1.0 M KOH 58 9
7. | NiFe-LDH/NEGF 290 1.0 M KOH 68 This
Work

activity compared to the system without nitrogen doping due to electronic structure modulation of the
catalysts. Electrochemical impedance measurement data in Figure 2.11c clearly displays a smaller charge
transfer resistance (Rct) for NrGO. This result stands out as a direct evidence of faster charge transfer during
the catalytic OER process. The comparative Nyquist plots given in Figure 2.10d show the lowest charge-
transfer resistance (Ret= 46 ohm cm?) in the case of NiFe-LDH/ NEGF as compared to RuO; (Rt = 86 ohm
cm?), NiFe-LDH (Rct= 107 ohm cm?), NiFe-LDH/NEGF(Rc:= 159 ohm cm?) . The lower R value indicates
better electronic transport throughout the catalyst system owing to a better interaction of NiFe-LDH with
the N-doped entangled framework of graphene.

The durability of the catalyst is another vital parameter to define its robustness, basically its lifetime. The

durability of the catalyst was measured by performing chronoamperometry and cycling durability. A
chronoamperometric test was performed at a constant potential (a potential needed to achieve a current
density of 10 mA cm) with a continuous rotation of the working electrode at 1600 rpm. Figure 2.11e
represents quite good stability of the designed catalyst with nearly 80% performance retention even after
20 h of continuous performance. Figure 2.11f depicts the LSV plots before and after the 1000 CV stability
cycles, further supporting the higher durability of the designed catalyst. A slight increment in the current
density after the cycle durability is basically due to the exposure of more and more catalytic active centers
during the electrochemical cycling. Such good durability of the catalyst is attributed to the better interaction

of the N-doped entangled graphene with NiFe-LDH.
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Figure-2.11. (a) Comparative OER polarization curves of NiFe-LDH/NEGF and NiFe-LDH/EGF. The OER
polarization curves were recorded at 10 mV s scan rate and 1600 rpm of the working electrode; (b)
comparative OER polarization curves of NEGF, NiFe-LDH, NiFe-LDH/NEGF, NiFe-LDH/NGr (w/o) and
RuO; by zooming in the oxidative region; (c) Nyquist plots recorded on rGO and NrGO at an applied potential
of 1.57 V in the AC frequency range between 100 kHz and 0.1 Hz. (Reprinted (adapted) with permission from
Nanoscale Adv., 2020, 2, 1709. Copyright (2020) Royal Society of Chemistry).

2.4. Conclusions

In this work, a solvothermal treatment followed by the freeze-drying method is proposed for the synthesis
of NiFe-LDH on the surface of the nitrogen-doped entangled graphene framework (NEGF). In the presence
of ammonium hydroxide, the formation of layered double hydroxide and nitrogen doping on the graphitic
carbon skeleton is realized in a single step. Further, freeze-drying helped to maintain the stable,
interconnected structure of the graphene sheets, leading to the formation of the entangled structure of
graphene. The establishment of high surface area N-doped entangled graphene supported NiFe-LDH has
been confirmed by FESEM, TEM, XRD, and BET surface area measurements. High surface area and well-
maintained porous graphene have shown higher accessibility of gaseous reactants and electrolytes.
Homogeneously distributed NiFe-LDH over nitrogen-doped graphene displayed excellent performance for
the oxygen evolution reaction. This promising OER catalytic activity can be ascribed to the following
reasons: (1) the uniform distribution of the NiFe-LDH nanostructure in the presence of the anchoring sites
on NEGF, (2) the synergistic effect of the bimetallic double hydroxide layer and N-doped graphene, and
(3) homogeneous distribution of the pores over the N-doped graphene. The catalyst also exhibited

outstanding stability even after 20 h of continuous operation.
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Chapter-3
Zinc-Air Battery Catalyzed by Co0304 Nanorod-Supported N-doped

Entangled Graphene for Oxygen Reduction Reaction

The work reported in this chapter deals with the development of an efficient non-Pt electrocatalyst for
electrochemical oxygen reduction reaction (ORR) through a sequential pathway involving hydrothermal

treatment followed by freeze-drying to

build the desired structural architecture of
the catalyst. The designed catalyst
(Co304/NEGF), which contains the Co304

nanorods anchored on the surface of the 3D
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structured N-doped graphene, was found to

=

be displaying higher ORR activity during

single-electrode testing and demonstration

of a Zn-air battery (ZAB) system. Under the hydrothermal treatment at 180 °C in the presence of
ammonia, nitrogen got doped into the carbon framework of the graphene, which subsequently formed a
self-assembled entangled 3D structure of graphene after freeze-drying. The hydrothermal treatment and
freeze-drying processes are found to be playing vital roles in tuning the morphological and structural
features of the catalyst. The doped nitrogen, apart from its favorable contribution towards ORR, helps to
facilitate efficient dispersion of the oxide nanorods on graphene. CosO4/NEGF displayed remarkable ORR
activity in 0.1 M KOH solution, as evident from the 60 mV onset potential shift compared to the state-of-
the-art Pt/C catalyst and the Tafel slope value of 74 mV dec vs. 68 mV dec* for Pt/C. The ZAB fabricated
by employing Co304/NEGF as the cathode catalyst was found to be an efficient competitor for the system
based on the Pt/C cathode. This high-performance has been credited to the controlled interplay of the
governing factors such as the interfacial interactions leading to the efficient dispersion of the metal oxide
nanorods, increased catalyst surface area, the cooperative effect arising from the defects present in the N-

doped porous 3D-graphene, and the synergetic interactions operating in the system.

Content of this chapter is published in the following article: DOI: 10.1021/acsaem.1c00210
ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580.
Reproduced with permission from American Chemical Society.
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3.1. Introduction:

The strategic designing of cost-effective advanced electrocatalysts with better electrocatalytic
performance for the oxygen reduction reaction (ORR) has become immensely important for realizing
alkaline electrolyte membrane fuel cells (AEMFCs) and metal-air batteries (MABs) as competitive
candidates in the energy market.!*2 However, the sluggish ORR kinetics at the cathode is considered as a
significant limiting factor in achieving the enhanced efficiency of energy conversion from these classes
of energy devices.? Platinum nanoparticle-supported carbon (Pt/C) materials are primarily used as the
electrocatalysts for promoting ORR in real systems, which are still suffering from high cost and low
stability under the operating conditions.* Normally, the ORR process is known to be slow; even though
the ORR kinetics can be improved by increasing the Pt/C catalyst loading, this cannot be taken as a
practical solution owing to the exorbitant cost of the Pt catalysts.* Besides, the less availability of Pt (37
ppb in Earth’s crust) and its expensiveness (US$32.4 g ! as the 2019 average price) have triggered the
scientific community to make progressive works on increasing the efficiency of the Pt-based catalysts or
the development of highly efficient low-Pt/Pt-free catalysts.> ® However, most of the reported low-Pt/Pt-
free systems are unable to evolve as viable alternatives to the state-of-the-art Pt systems owing to the
reasons such as complicated synthesis chemistry, stability issues, and unreliable performance
characteristics.® ” Therefore, the industries are still compelled to depend on the Pt catalysts all the while
indulging in the active R&D efforts for developing reliable and high performing low-cost Pt-free ORR

catalysts.®

Among the various non-Pt systems explored for ORR, extensive studies have been done in the last few
decades focused on the non-precious transition metal-based oxides and hydroxides.” Among the various
transition metal (Fe, Co, Mn, Ni) systems, the oxides of cobalt received enormous attention as ORR
electrocatalysts due to their favorable electronic structure.!® ! 1213 Based on the current advances in the
cobalt oxides, spinel and perovskite structures of cobalt oxides are being explored for the electrochemical
device applications in recent times.® Among these, the spinel structured cobalt oxides have gained
particular interest toward the electrocatalytic applications.® The spinel structure mixed valency of Co in
Co0304 (i.e., Co*" and Co*") plays a vital role in the fcc crystal structure.!* > Moreover, in the normal
spinel structure (AB204) of the Co304, the mixed valency cations are distributed in the octahedral and

tetrahedral sites. In Co304, 1/8 of the tetrahedral A sites and 'z of the octahedral sites are occupied by the
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Co*" and Co®" ions, respectively.'* !> The mixed valency of cobalt helps in establishing a better electron
transport mechanism and thereby towards preferable electrochemical activity.'® Furthermore, as a means
to improve the intrinsic ORR characteristics, recently, shape and size-controlled designing of the metal
oxide-based catalysts also has been executed as a strategy, and interesting performance fine-tuning could
be realized.!> '3 % 22Considering the fact that the shape and size-controlled modifications of the cobalt
oxide nanoparticles help in achieving the promising electronic enhancement, these strategies are being
adopted for designing alternative catalysts improved catalytic performance and durability.!” 18 19
Previously, various shape- and size-controlled cobalt oxide morphologies (cubic?’, truncated
octahedron?’, polyhedron?® and nanorod?') have been reported for the electrocatalytic ORR processes.’
Among them, the nanorods of cobalt oxide have become an interesting class of 1D morphology that helps
to facilitate rapid charge transport and adequate diffusion of the reactants.?>2! However, the cobalt oxide-
based electrodes suffer from the limitation of their poor electronic conductivity, which detrimentally
affects their prospects to serve as potential electrocatalysts.?* 2> The incorporation of conducting carbon
support to the cobalt oxides has been adopted as a viable strategy to overcome the conductivity-related

limitations of these classes of the systems.?3 226

Despite the promises the nanorods of Co3O4 offer as an effective ORR catalyst, these morphologies need
to be dispersed on a carbon substrate to tackle the issues related to conductivity and aggregation
simultaneously.?> Among the various carbon supports, graphitic carbons show the optimum activity as
well as durability. There are few previous reports suggesting the synthesis of different cobalt oxide
nanoparticle-based systems supported over nitrogen-doped graphitic carbon formed through various
high/low-temperature in-situ/ex-situ methods. Jasinski, et. al** reported the ORR activity of a cobalt-based
Metal-N-C catalyst prepared by pyrolysis of cobalt phthalocyanine along with separate metal, nitrogen,
and carbon precursors. Although the activity and durability of such catalysts have been improved with
time, identifying the active-site structure still lagged due to the lack of crystallographic order of the metal
atoms and the simultaneous presence of crystalline metal phases.** Hence, the high-temperature methods
which control the structural and morphological features of the metal centers and carbon substrate are not
preferably feasible.*? Considering the low-temperature method, anchoring of the active catalytic sites
(metal oxides) on 2D graphene (Gr) has been emerged as a promising strategy due to the interesting
features of Gr and the desirable morphological features of the Gr-based composites. For example, Gr

offers a theoretical surface area of as high as ~2630 m? g'! as well as excellent electrical conductivity.
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27.28,40.41 However, practically, their electrocatalytic surface area (ECSA) is affected by the Gr layers due
to a well-known restacking issue.?’ The conventional approaches for constructing the interfaces between
the two different components have followed the method of epitaxial growth under solution conditions in
which the substrate's crystal surface and the epitaxial interfaces should be precisely controlled.?®3!
Nevertheless, these approaches suffer from tedious multi-stage processes, substantial waste of metal

species, and low yields, which ultimately hinder the large-scale production of the systems.>!

Hence, looking at the difficulties in the synthesis of Co304 nanorods along with their proper dispersion
on the Gr support, in this chapter, an easy and scalable procedure is reported, which involves dispersion
of the Co304 nanorods on nitrogen-doped entangled porous 3D-graphene (NEGF) by utilizing the
electronegativity difference of the doped-N to act as efficient anchoring sites for the metal oxide
nanoparticles.*? The rationally designed NEGF functioned as an anchoring-cum-active substrate, which
ensured both homogeneous distribution of the Co3O4 nanorods and favorable modulation towards ORR.
We have introduced a sequential pathway involving hydrothermal treatment followed by freeze-drying to
build the desired structural architecture of the catalyst containing the Co3O4 nanorod anchored on NEGF
(Co304/NEGF). The realistic validation of the catalyst as a versatile cathode for the Zn-air battery could
be subsequently performed, which is found to be competing well with a similar system based on the Pt/C

catalyst.
3.2. Experimental Section:

3.2.1. Materials: Cobalt acetate tetrahydrate [Co(OAc),-4H>0], potassium permanganate (KMnOy),
graphite, and ammonium hydroxide (NH4OH) were purchased from Sigma-Aldrich. Phosphoric acid
(H3PO4) and sulphuric acid (H2SO4) were procured from Thomas Baker. All the chemicals were used as

such without any further purification.®

3.2.2. Synthesis of Graphene Oxide (GO): For the synthesis of graphene oxide (GO), improved
Hummer’s method was employed.* In brevity, 3 g of graphite powder and 18 g of KMnO4 were well
mixed by using a mortar and pestle. After proper mixing, the resulting powder was slowly added to the
flask containing a solution of H3PO4:H>SO4 (1:9) under the ice bath environment. After complete transfer
of the solid combination, the temperature of the reaction mixture was increased slowly up to 60 °C and

kept on stirring for 12 h at a constant temperature. After completing the reaction, the mixture was held for
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a few hours with continuous rotation to cool down to room temperature. The resulting reaction mixture
was slowly poured into ice-cooled water containing 3% of H»O,, which became a yellowish solution.
Furthermore, the obtained solution was washed several times with a copious amount of distilled water,
followed by centrifugation at 10000 rpm. The obtained solid residue was further washed with 30% HCl
to remove any metal impurities, followed by washing with plenty of water to neutralize the acidic pH and
wash off the impurities. Finally, the collected dark chocolate-colored, highly viscous solution was washed

with ethanol and diethyl ether and kept in an oven for drying at 40 °C to get the GO powder.

3.2.3. Synthesis of C0304 Supported N-doped Entangled 3D Graphene (Co304/NEGF): For the
synthesis of the active catalytic material, 90 mg of the as-prepared GO was added to 30 ml of an aqueous
solution of ammonia (30% v/v) by maintaining the ratio of 3:1 via overnight stirring and water-bath
sonication. Co(OAc)2.4H>O was added to the solution after the full dispersion of GO, and the mixture
was kept on stirring for another 6 h. Initially, at a low concentration of ammonia, the cobalt ions react
with ammonia and form Co(NH3)s>", which leads to the change of the color of the solution from pink to
green (see the color change of the solution in Figure 3.1). Further changing the pH of the solution in the
presence of air causes the oxidation of Co(NH4)s>" to Co(NHa4)s*". However, when the concentration of
the hydroxyl ions becomes higher, the Co®" ions react with the hydroxyl ions (as the solubility product of
Co(OH); = 1 x 10"%), resulting in the formation of Co(OH)3.2° The well-mixed reaction mixture was
transferred into a Teflon-lined autoclave, and the system was kept for 12 h at 180 °C, Co(OH)3 helps to
grow the nanorod structure of Co3O4 during the hydrothermal treatment.?® After completing the reaction,
the mixture was allowed to cool down to room temperature naturally, followed by washing the obtained
materials with a copious amount of water to eliminate the excess ammonia. The resulting sample was also
vacuum freeze-dried at -52 °C for 10 h. After the freeze-drying process, the powder sample was collected,
which adopted a flaky and light texture, and the sample has been designated as Co3O4/NEGF. The
employed method is a simple and fast process that is promising for scaling up to larger applications. For
comparing the catalytic activity during the electrochemical investigations, control samples like N-doped
entangled graphene (NEGF) and Co304 nanorods were synthesized by using the same methods without

adding any metal precursor and graphene oxide, respectively.
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Figure 3.1. The digital photographs of the colored solutions with different amounts of ammonia added in the air
atmosphere: (a) 0 mL, (b) 1 mL, and (c) 2 mL. The color of the solution gradually changes from pink to green to
almost dark on increasing the concentration of NH4OH. The oxygen from the air can oxidize Co(NH3)s** to
Co(NHa)s** turning the solution almost black in color, while the green suspension is due to the formation of
layered Co(OH)..2 Thus, the different concentration of the added NH4OH leads to the different states of the
precursor solution, eventually, affecting the morphologies of the obtained CoszO4 nanorod after the hydrothermal
treatment. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580.
Copyright (2021) American Chemical Society).

3.2.4. Physical Characterization: The structural properties (morphology, shape, and size), surface
composition, surface properties, thermal stability, and physical interactions between the metal oxide
nanoparticles and the support of the synthesized catalysts were investigated with the help of HRTEM,
TEM, ESEM, FESEM, Raman spectroscopy, XPS, XRD, TGA and BET measurements.! The FESEM
analyses were carried out by FEI Nova Nano SEM 450 FESEM microscopes, and TEM images were
recorded on a Tecnai T-20 instrument at an accelerating voltage of 200 kV. FESEM samples were
prepared by the thin coating of isopropyl alcohol (IPA) dispersed sample (5 mg of sample in 5 mg IPA)
on a silicon wafer. This sample was dried for 1 h under an IR lamp. The HAADF-STEM mapping was
performed using FEI, TECNAI G2 F20 TEM instrument (conditions: accelerated voltage = 200 kV;
resolution = 0.17 nm). The HRTEM images were recorded using a JEOL JEM F-200 HRTEM instrument
with a point-to-point resolution of 0.19 nm. The samples for TEM and HRTEM were prepared by drop
coating the well-dispersed sample in isopropyl alcohol (1.0 mg of the sample in 5 mL solvent) on a carbon-
coated 200 mesh copper grid. The sample-coated TEM grid was dried for 1 h under an IR lamp. The
elemental inspection was done by using SEM-EDS with a Quanta 200 3D FEI instrument connected with

ACSIR | CSIR-NCL | Narugopal Manna Page 80



Chapter-3

Co(OAc),4H,0
NH,OH, pH ~10

Co* ion-coordinated
graphene oxide

1. Solvothermal
180°C, 12 h

2. Freeze-drying
-52°C

Demonstratlon of the V
zinc-air battery

Zinc-air battery

Separator + KOH o
)—-"“" assembling

e R .. Co,0, nanorod supported N doped
ch -air battery components entanglcd graphene (Co,0,/NEGF)

Figure 3.2. Schematic presentation of the stepwise synthesis strategy developed to obtain the Co3O4/NEGF catalyst
followed by fabrication and demonstration of the Zn-air battery. (Reprinted (adapted) with permission from ACS
Appl. Energy Mater. 2021, 4, 5, 4570-4580. Copyright (2021) American Chemical Society).

the TEAMTM EDS analysis system. Powder X-ray diffraction (PXRD) analysis was done to check the
crystallinity of the as-synthesized samples. The XRD measurement was carried out on a Rigaku Smart
Lab diffractometer with Cu Ka radiation (A = 1.5406 A) with a scan rate of 5° min™ in the 26 range of 5
to 80°. The thermal stability of the catalyst and metal composite loading over the carbon was measured
using an SDT Q600 DSC-TDA thermo-gravimetric (TG) instrument in the temperature range of Room
Temperature to 900 °C at a constant heating rate of 10 °C min"* under an oxygen atmosphere. The XPS

measurement was performed using a fully integrated, monochromatic small spot XPS system. It is
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specified with an X-ray monochromator source by the 180° double-focusing hemispherical analyzer-128-
channel detector and micro-focused Al Ka. Raman spectral evaluation was carried out using a 632 nm
green laser (NRS 1500W) on an HR 800 RAMAN spectrometer. Nitrogen (N2) adsorption-desorption
isotherm experiments were performed on a Quantachrome-Quadrasorb automatic volumetric instrument
to analyze the surface area and pore volume of the samples. GO, NEGF and Co3z04/NEGF were imaged
using X-ray microtomography (Xradia 510 Versa X-ray Microscope, Zeiss, Pleasanton, CA, USA) to
study their internal structure and morphology. Samples were loaded into the sample holder and held in
between the assembly of the X-ray source and the detector. The assembly of the detector was composed
of a scintillator, an objective lens, and a CCD camera. The X-ray source has been ramped up to 7 W and
80 kV. The tomographic image procurement was completed by obtaining 3201 projections over 360°
rotation, with one second of X-ray exposure time per projection. Pixel size was 4.0 microns, for every
sample, for imaging a sample volume of approx. 4x4 mm in size. Reference images were also collected
and averaged without adding any samples in the beam. To generate the two-dimensional (2D) virtual
cross-sections (transverse sections) of the samples, the filtered back-projection algorithm was used for the
reconstruction of the projections. Dragonfly Pro (Version 3.6) was used as an image processing software,

to generate volume-rendered three-dimensional (3D) images of the samples.?

3.2.5. Rotating Disk Electrode (RDE) Study: The electrochemical analysis was done by performing
hydrodynamic method, using a rotating disc electrode (RDE) made of glassy carbon (0.0706 cm?) with a
couple of experimental electrochemical techniques such as cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) using a Pine instrument for the rotation of the electrodes. A set-up of a three-electrode
electrochemical cell was used with an SP-300 model BioLogic potentiostat. The Hg/HgO as the reference
electrode and a graphite rod (Alfa Aesar, 99.99%) as a counter electrode were employed for the
electrochemical analyses. For the comparison of the ORR performance of the prepared catalyst, we
included the electrochemical activity of 20% Pt/C. The catalyst slurry was prepared by mixing the catalyst
(5 mg) in 1 mL isopropyl alcohol-water (3:2) solution and 40 puL of Nafion solution (5 wt%, Sigma-
Aldrich) using a water-bath sonication for approximately 1 h. After well mixing, the catalysts slurry was
coated on the surface of the working electrode by drop-casting, which was polished with 0.3 um alumina
slurry in DI-water followed by cleaning with DI-water and acetone. A 10 pL of the ink was drop-coated
on the surface of the RDE electrode; the electrode was then dried under an IR-lamp for 1 h. To check the

electrochemical performance, the experiment was carried out in an aqueous solution of 0.1 M KOH. All
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the experimental electrode potentials were converted into the reversible hydrogen electrode (RHE)

through an RHE calibration experiment, which was previously done in our lab.

3.2.6. Rotating Ring Disk Electrode Study: For the RRDE analysis of the prepared catalysts, a rotating
ring disk electrode (RRDE) built of glassy carbon (0.196 cm?) coated with the catalyst was used. The
testing was done in 0.1 M KOH solution by scanning the voltage at the rate of 10 mV s while keeping
the ring electrode at a constant potential of 0.40 V vs. Hg/HgO. The H20- collection efficiency (N) at the
ring was determined with a KsFe(CN)g solution, which is found to be 0.37.2 The calculation of H20,%

and the number of electron transfer (n) during ORR was carried out by following the equations below:

% peroxide = (200xIr*N)/(Ip+1r/N)
n =4xIp/(Ip + Ir/N)
where, Ip = Faradaic current at the disk,
Ir = Faradaic current at the ring,
N = H.Oz collection efficiency of the ring electrode.
All the experiments were carried out at room temperature.

3.2.7. Zinc-Air Battery (ZAB) Fabrication and Testing: ZAB was fabricated by using Zn powder and
Co304/NEGF as the anode and cathode electrodes, respectively, by employing an in-house-built
electrochemical cell. The catalyst slurry for the coating over the GDL was prepared by sonicating
C0304/NEGF for 1 h in isopropyl alcohol and water mixture. Subsequently, 10 wt% of Nafion solution
was added to the above sonicated solution, and the mixture was maintained for 1 h additional sonication.
In order to achieve a catalyst loading of 1.0 mg/cm? (electrode area = 1.0 cm?), the resulting catalyst slurry
was brush-coated on a carbon gas diffusion layer (GDL) and dried at 60 °C for 12 h. In addition, as an
anode, Zn powder was used. Finally, the ZAB was assembled by pairing the anode and cathode using the
Celgard® membrane soaked in 6.0 M KOH as a separator. The ZAB setup was subsequently tested at
room temperature using a multichannel VMP-3 model Bio-Logic potentiostat/galvanostat. The battery

was analyzed by steady-state polarisation at a scan rate of 5 mV/s.
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3.2.8. The Hg/HQO reference electrode calibration and conversion to RHE:

The Hg/HgO electrode was calibrated by using the same method as reported in our previous report® using
a conventional 3-electrode system employing a platinum RDE electrode as the working electrode (WE),
graphite rod as the counter electrode (CE), and Hg/HgO as the reference electrode (RE) under H»-saturated
0.1 M KOH solution as an electrolyte. The linear sweep voltammogram (LSV) was recorded at a scan
rate of 0.50 mV/s. The potential when the current crosses the zero point during the LSV measurement
was taken as the thermodynamic potential for the hydrogen electrode reactions. The potential at the zero
current was found to be at -0.8722 V. Hence, for the conversion of the voltage recorded with respect to

Hg/HgO to the RHE scale, the following equation is used:
E (RHE) = E (HQ/HQO) + 0.8722 V ..oeiiiiiii e e e e e 1
3.3. Result and Discussions:

The stepwise procedure involved in the synthesis of Co3O4/NEGF and its application as the cathode
material for the zinc-air battery fabrication is presented in Figure 3.2 The hydrothermal treatment was
performed after facilitating the anchoring of cobalt (Co®") and ammonium (NH4") ions on the surface of
GO. The adsorption of the positively charged ions over GO is enabled due to the electronegativity
difference of the oxy/carboxy functional groups present on GO. The GO anchored with the Co?* ions was
subjected to the hydrothermal treatment at 180 °C, which facilitates the in-situ formation and dispersion
of the Co304 nanorods on N-doped reduced graphene oxide. This was followed by the freeze-drying
process to establish the self-assembled structure of the metal oxide nanorods bearing N-doped entangled
3D graphene (Co304/NEGF). In the process, the negatively charged GO surface interacts with the
positively charged metal ions and thus mobilizes their adsorption during the continuous stirring at room
temperature. As the hydrothermal process proceeds at high temperature and pressure, the metal ions
gradually get nucleated, resulting in the formation of the Co304 nanorods anchored over the N-doped
reduced graphene oxide. The crucial freeze-drying step adopted subsequent to the hydrothermal process
helps to establish the 3D interconnected morphology (Co3O4/NEGF), ensuring high surface area and
accessible porous architecture to the catalyst. With the help of field emission scanning electron

microscopy (FESEM), X-ray micro-computed tomography (micro-CT), high-resolution transmission
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Figure 3.3. (a) The FESEM images of GO showing the stacked nature of the sheets in their pristine form; (b)
and (c) the FESEM images of NEGF and Co3;04/NEGF, respectively, displaying the porous architecture of the
entangled 3D graphene sheets; (d) FESEM images of the Co;O4/NEGF representing the uniform distribution of
the Co304 nanorods over NEGF; (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4,
5, 4570-4580. Copyright (2021) American Chemical Society).

electron microscopy (HRTEM), and electron energy loss spectroscopy (EELS) studies, a detailed

structural analysis of the prepared catalyst was carried out.
3.3.1. FESEM Analysis:

As mentioned before, the freeze-drying step induces porosity in the entangled reduced graphene oxide,
which could be evidenced in the FESEM images presented in Figure 3.3. Figure 3.3a represents the
FESEM images of the pristine GO, which is displaying the presence of stacked graphene sheets. However,
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the role of the adopted freeze-drying process to accomplish the 3D interconnected nature of NEGF in bare
NEGF and Co304/NEGEF is evident in the FESEM images presented in Figure 3.3b and 3.3c, respectively.
The distribution of the Co3O4 nanorods is visible in the more focused view of the FESEM image presented
in Figure 3.3d. This surface aligned growth points towards the influence of the oxy-functional groups of
GO for facilitating the metal ion adsorption followed by the nucleation process to accomplish the well-
distributed growth of the Co304 nanorods during the hydrothermal treatment. In addition, the FESEM
imaging revealed the formation of a well-connected network of the nitrogen-doped graphene sheets,

which has been originated from the self-assembling process under the reaction conditions.
3.3.2. Micro-Computed Tomography Analysis:

An X-ray micro-CT imaging technique has been employed to unveil the 3D microstructures of GO, NEGF,
and Co304/NEGF (Figure 3.4a-d). The 3D micro-CT image of GO presented in Figure 3.4a shows
randomly oriented GO sheets, which also support the findings in the FESEM image of GO (Figure 3.3a),
validating the presence of stacked graphene sheets in pristine GO. On the other hand, the 3D micro-CT
image of the nitrogen-doped entangled graphene (NEGF) (Figure 3.4b) shows a haystack-like structure.
This points towards the vital effect of the freeze-drying method towards the formation of a porous 3D
structure. Further, advanced segmentation-based image analysis showed a significant amount of porosity
(approximately 58%) in NEGF. The porous microstructure of NEGF has resulted in a higher surface area
as compared to its precursor (GO). The 3D micro-CT image of Co3O4/NEGF in Figure 3.4¢ also shows
the 3D spatial distribution of the Co304 particles (Figure 3.4¢, highlighted with blue circles) over the
NEGF sheets. With the aid of a grey-scale histogram and mean intensity projection (MIP), Co3zO4 particles
present in the 3D micro-CT image of Co3O4/NEGF are visualized separately in Figure 3.4d. The
observed3D micro-CT image shows the true spatial distribution of the Co3O4 particles over the NEGF
sheets. Due to the limitations induced by the micro-CT resolution (1 micron), the shape of the Co304
particles is not resolved. Co3O4/NEGF has approximately 48% porosity, which is 10% lower than its
precursor (NEGF) and this reduction is attributed to the distribution of the metal oxide nanoparticles over
NEGF. GO and Co304/NEGF sheets showed an aspect ratio of 2:1 (length to width), as measured from
their 2D micro- CT to their precursors (GO). Overall, the micro-CT images point towards the versatility

of the catalyst synthesis steps in retaining the 3D structure of the products.
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Figure 3.4. (a) the 3D micro-CT images of GO showing the randomly oriented stacks of individual GO sheets;
(b) NEGF showing the micro porous 3D structure of the entangled graphene; (c) Co3O4 with the bright dots in
the image representing the distribution of Co3O4 over the NEGF sheets, where few such dots are encircled for
easy recognition (grid size is 100 microns); (d) 3D spatial visualization image of Co3Os over the NEGF
sheets.(Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580. Copyright
(2021) American Chemical Society).

3.3.3. TEM Analyses:

The TEM images of Co304/NEGF are shown in Figures 3.5a-d. These images clearly depict the aligned
distribution of the Co304 nanorods along the surface of NEGF. It should be noted that while some rods
are clearly visible on the graphene surface (Figure 3.5a and 3.5b), few others have a hazy appearance.
The possible reason for the ambiguity in the visibility is that while the nanorods are distributed in the self-
assembly structure of the entangled graphene, a significant amount would be lying towards the inner side
of the graphene sheets, thereby partially masking them. The high magnification TEM images presented
in Figure 3.5¢ and d clearly show the nanorod structure of Co3O4. The nanorods are found to possess a
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Figure 3.5. Transmission electron microscopy (TEM) images of Co3O4/NEGF: (a)-(b) TEM image of
Co3;04/NEGF displaying the distribution of the Co3;04 nanorods over the surface of the transparent sheets of
NEGF (Inset of (b): SAED pattern showing the crystalline nature of Co0304); (c) and (d) are the high
magnification images representing the focused view of the nanorods of Co3;04. (Reprinted (adapted) with
permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580. Copyright (2021) American Chemical
Society).

length of ~120 nm and a radius of ~5 nm. The selected area electron diffraction (SAED) pattern is shown
in the inset of Figure 3.5b; the pattern displays a well-characterized diffraction ring corresponding to the
polycrystalline nature of the Co304 nanorods.?* > The observed diffraction rings are ascribed to the (002),

(220), (400), (511), and (440) planes of the Co304 nanorods.?> >} Figure 3.6a represent the focused

3.3.4. HRTEM Analyses:

HRTEM images of a single Co0304 nanorod recorded to perform the elemental mapping. The
corresponding data presented in Figure 3.6b-d exhibit the presence and distribution of Co, O, C, and N,

respectively, and this goes well with the expected composition of the catalyst.
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(b) Cobalt (c) Oxygen

8 (d) Carbon (e)Nitrogen

Figure 3.6. (2) HRTEM image of a single Co3O4 nanorod recorded for performing elemental mapping; (b)-(e)
elemental analysis of CosO4/NEGF displaying the distribution of cobalt along the focused nanorod and oxygen,
carbon, and nitrogen in the system. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021,
4,5, 4570-4580. Copyright (2021) American Chemical Society).

3.3.5. XRD Analyses:

The XRD profile of NEGF (Figure 3.7a) displays the broad diffraction peaks at the 20 values of 26 and
43° corresponding to the (002) and (100) graphitic diffraction plane, respectively, of the reduced graphene
oxide.’” The presence of metal impurities could be ruled out from the absence of any other diffraction
peaks in the sample. The PXRD of Co304/NEGF shows comparatively intense and prominent peaks
corresponding to the (311) plane of Co304, which matches well with the JCPDS Card No: 00-042-
1467.%-2% 2 The presence of these phases confirms the spinel structure possessed by the Co3O4 nanorods.
As expected, Co304/NEGF also shows the peak corresponding to the (002) plane of the NEGF substrate,
which appears as a broad peak at the 20 value of 24.5°. A small shift of the graphitic peak corresponding
to the (002) plane in Co3O4/NEGF towards a lower diffraction angle (Figure 3.7a) in comparison to the
pristine NEGF has been observed. This is ascribed to the increased d-spacing of the graphene layers due

to the insertion of the Co3;04 nanorods in between the graphene layers.*
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3.3.6. Raman Analyses:

The introduced defects in the porous N-doped 3D graphene support were further explored by Raman
spectroscopy (Figure 3.7b). The D-band peak appeared to resemble the graphitic lattice vibration mode
with the A, symmetry at a wavenumber of 1350 cm™, while the G-band peak at 1590 cm™! corresponds
to the E2; symmetry graphitic lattice vibration mode.*® It should be noted that the D-band in the Raman
stands out as an indication of the introduced defects in the graphene framework, whereas the G-band
describes the orderliness in the graphene.®® In order to check the extent of the defects in the supported
conducting carbon materials, the Ip/Ig ratio of the samples has been calculated, which are found to be 1.25
for the NEGF and 1.33 for Co304/NEGF. A more graphitic structure would be helpful for ensuing better
electrocatalytic activity as well as durability. Further, incorporation of the defects creates nucleation sites
for the metal oxide growth, leading to improved dispersion of the active sites and concomitantly high
performance.?” However, a considerably higher extent of defects can affect the stability of the carbon
support. This points toward the need for an optimized level of graphitization and defects in the conducting
support for ensuring improved overall catalytic performance as well as durability. The observed defect to
the graphitic peak ratio in the case of NEGF (Ip/Ig = 1.25) is higher than that in the case of GO (Ip/Ig =
1.0). This shows that the defective sites are predominant in the case of NEGF as compared to GO.
Furthermore, the Raman spectra analysis of Co3O4 (Figure 3.7b) shows the presence of the peaks at 400-
600 cm™!, corresponding to the vibrations of the Co-O bond in a different plane of Co304.'* A similar peak
is observed in the case of Co3O04/NEGF; however, in this case, the peak intensity is slightly lower
compared to the pristine Co3zOa, presumably due to the carbon support effect. However, the defective peak
intensity is more prominent in Co3O4/NEGF as compared to NEGF. The introduced higher defects in
Co0304/NEGF compared to NEGF are due to metal oxide growth in the in-situ condition. >! The observed
higher Ip/Ig ratio in the case of the metal oxide supported catalyst stands out as substantiating evidence
towards the presence of comparatively high density of the defective sites in the system, which is found to

be assisting the system in enhancing its catalytic activity.*®

3.3.7. Surface Area Analysis:

For further understanding of the role of freeze-drying towards improving the surface area of the catalyst

as well as increasing the number of porous channels, BET surface area, and pore size distribution analyses
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Figure 3.7. (a) Comparative PXRD patterns of NEGF and Co3O4/NEGF showing the diffraction planes
corresponding to the spinel lattice of the Co3O4 nanorods; (b) Raman spectra of NEGF, Co304, and Co3;04/NEGF;
(c) comparative pore-size distribution profiles of NEGF and Co304/NEGF showing the mesoporous nature of
the prepared catalyst; (d) Comparative adsorption/desorption isotherms of nitrogen-doped entangled graphene
framework (NEGF) and Co3;04/NEGF; (e) the comparative TGA profiles recorded for NEGF and Co3;04/NEGF
under oxygen atmosphere. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5,
4570-4580. Copyright (2021) American Chemical Society).

have been performed (Figure 3.7¢ and 3.7d). The pore size distribution profile in Figure 3.7¢ shows the
pore distribution in the range of 2 to 5 nm in both NEGF and Co3;04/NEGF, but the former clearly showed
a high-intensity pore distribution in the mesoporous size range of 2-7 nm. Additionally, NEGF shows a
higher BET surface area of 450 m? g'!, confirming the remarkably accessible and porous structure of the
material as visualized from the FESEM images. However, the BET surface area of Co304/NEGF is found
to be decreased substantially to 95 m? g'!, suggesting the blockage of the pores and masking of the surface
of the substrate in the presence of the dispersed metal oxide moieties. Both NEGF and Co3;O04/NEGF
showed Type-1V isotherms (Figure 3.7d).>” The prepared Co;O4/NEGF catalyst contains almost 35 % of

the cobalt oxide nanorods of dimension (120 nm in length and 12 nm in width) responsible for lowering
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Figure 3.8. (a) Comparative the survey scan XPS spectra of NEGF and Co304/NEGF confirming the presence
of C, N, O, and Co in the respective systems; (b) and (c) C 1s spectra of NEGF, and Co304/NEGF; (d) and (e) N
Is spectra of NEGF Co3;O4NEGF; (f) the high-resolution deconvoluted XPS spectra of Co 2p states of
Co3;04/NEGF. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580.
Copyright (2021) American Chemical Society).

the overall BET surface area. In this situation, the carbon surfaces loaded with Co30O4 entities are not being
exposed completely tothe adsorption of the gas molecules, which affects the total cumulative volume of
Co0304/NEGF (Figure 3.7d). The defective sites and high porosity of the prepared catalyst are expected
to allow seamless and fast diffusion of the reactants and electrolytes during electrocatalysis. This
advantage is a determining factor in accomplishing the obtained higher electrocatalytic activity in the

present case, as can be seen in a later section.
3.3.8. TGA Analysis:

The total metal oxide active site loading in Co3O4/NEGF was determined by performing the
thermogravimetric analysis (TGA). The measurement was performed by sampling from 25 to 900 °C at a
scan rate of 5 °C per minute in the oxygen atmosphere. Figure 3.7e displays the TGA weight loss profiles
for NEGF and Co3;04/NEGF, indicating a cobalt oxide loading of ~35.4 % in the case of the latter. °
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3.3.9. XPS Analysis:

The insightful information on the nature of the surface moieties and the characteristics of the electronic
interactions operating in the prepared system has been gained by employing X-ray photoelectron
spectroscopy (XPS) measurements. Figure 3.8a shows the survey scan spectra of NEGF and
Co304/NEGF, which confirm the presence of Co, O, N, and C in the systems from the characteristic
binding energy peaks. In both the systems, C, O, and N appear as the common elements in the binding
energy (BE) values at 284.8, 531.5, and 400.5 eV, respectively. The XPS peaks appeared between 0 t0200
eV correspond to the Si because the silicon wafer was employed as the support to the samples during the
analysis. The observed two peaks at 100, and 150 eV correspond to the Si 2s and Si 2p states, respectively.
The characteristic peak corresponding to Co in the case of Co3O4/NEGF has appeared at the B.E. value
of 784.2 eV.3® The C and N peak intensities in Co3O4/NEGF are found to be decreased due to Co3O4
coverage over NEGF. The comparative deconvoluted XPS spectra of NEGF and Co3O4/NEGF are studied
for gaining insightful information of C 1s, N 1s, O 1s, and Co 2p. The deconvoluted C1s spectra of NEGF
has displayed various peaks corresponding to C—C (283.5 eV), C=C (284 ¢V), C-N/C=N (287.5 ¢V), and
C-0 (291.5 eV), with different binding energy values due to the particular chemical environment of the
carbon as shown in Figure 3.8b.*® Similarly, the deconvoluted C1s spectra of Co304/NEGF has displayed
the peaks corresponding to C—C (283.5), C=C (284), C-N/C=N (287.5 eV), and C-O (291.5), with similar
binding energy and small change in the intensities due to the presence of Co304 as shown in Figure 3.8c.
The peak intensities of the C-C and C-O bonds are higher than that of the C=C and C=N bonds in the case
of Co304/NEGF compared to NEGF due to the lower extent of graphitization in the presence of the Co304
nanorods. This observation is in accordance with the information gained from the Raman analysis.
Deconvoluted N 1s spectra of NEGF, as shown in Figure 3.8d, displaying the pyridinic-N at 398.6 eV
(32.9%) and the pyrrolic-N at 399.7 eV (41.6%) as the major moieties along with smaller proportions
from the graphitic-N at 400.5 eV (19.3%) and NH4" at 405.5 eV (15.9%). Furthermore, Figure 3.8e shows
the deconvoluted N 1s spectra of Co304/NEGF. Deconvoluted peaks of CosO4/NEGF suggesting that the
N-doping in the graphene matrix remains the same during the in-situ loading of Co3O4 along with the
presence of the pyridinic-N at 398.6 eV (41.6%), pyrrolic-N at 399.7 eV (32.9%), graphitic-N at 400.5
eV (19.3%) and NH4" at 402.5 eV (15.9%). The doped nitrogen in the graphene framework regulates
metal oxide nanorods growth kinetics during the catalyst synthesis process. The Co 2p spectra of

Co304/NEGF showed two peaks (Figure 3.8f) at the BE values of 783.1 and 798.8 eV with a band
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Figure 3.9. Electrocatalytic performance evaluation of Co304+/NEGF and the control samples (Co3;04 and NEGF)
towards ORR in comparison to the state-of-the-art (Pt/C) catalyst: (a) comparative CV profiles recorded for
NEGF, Co0304, Co304/NEGF, and Pt/C in N»/O; saturated 0.1 M KOH at 900 RPM of the working electrode
(WE); (b) LSV profiles of Pt/C, Co3;04/NEGF, Co304, and NEGF recorded at an RPM of 1600 of the WE; (c)
Tafel plots constructed for Co3O4/NEGF and Pt/C; (d) Tafel plots constructed for Co3;04 and NEGF with the
measured slopes of 92 and 108 mV dec™!, respectively. (Reprinted (adapted) with permission from ACS Appl.
Energy Mater. 2021, 4, 5, 4570-4580. Copyright (2021) American Chemical Society).

separation of ~15.7 eV. The peak separation of 15.7 eV is the characteristic feature of Co3O4. These
deconvoluted spectra show the two spin-spin coupling peaks for the peaks correspond to the Co 2p3/2 and
Co 2p12 states of Co, thus point towards the existence of the +2 and +3 oxidation states, respectively, in

the system.3% 3% 48

3.3.10. Electrochemical Analysis:

The obtained catalyst was further explored for the electrochemical ORR performance by adopting a set

of electrochemical techniques. The measurements were first recorded using Hg/HgO as the reference
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Figure 3.10. (a) RRDE analysis of Pt/C and Co3;O4+NEGF displaying the amount of H,O» generated and the
electron transfer number (n-value) corresponding to the ORR process; (b) RRDE analysis of NEGF and Co0304
displaying the percentage of the generated H>O- in the ORR process; (c) RRDE analysis of NEGF and Co304
displaying the electron transfer number (n-value); d) and (e) the accelerated durability test (ADT) data of
Co3;04/NEGF and Pt/C, respectively. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021,
4,5, 4570-4580. Copyright (2021) American Chemical Society).

electrode, and potentials were converted to the RHE scale. The cyclic voltammogram (CV) recorded for

C0304/NEGF under Oz-saturated 0.1 M KOH electrolyte at a WE rotation speed of 900 rpm displays an

ORR onset potential at 0.94 V vs. RHE, which is found to be only 60 mV lower compared to the onset
potential of 1.00 V vs. RHE recorded for the state-of-the-art Pt/C catalyst (Figure 3.9a). On the other
hand, a much larger shift of the onset potentials towards higher overpotential has been observed for NEGF
(0.80 V vs. RHE) and Co304 (0.65 V vs. RHE) as shown in Figure 3.9a. The CV profile of NEGF follows
a notable capacitive nature, which appears to be resulting from the high surface area acquired by the 3D
graphene morphology resulting from the freeze-drying process.* To gain more precise information on the
intrinsic activity characteristics of the systems towards ORR, the linear sweep voltammograms (LSVs)
were recorded in the rotating disc electrode (RDE) mode. The LSVs were recorded under O» saturated
conditions for Co3O4/NEGF, Co304, NEGF, and Pt/C (Figure 3.9b) by maintaining the rotation speed of
the WE at 1600 rpm and performing the voltage scan at the rate of 10 mV s™!. The comparative LSV
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profiles presented in Figure 3.9b clearly display the superior ORR performance achieved by
Co304/NEGF in comparison to the control samples, viz., Co30s and NEGF. With an onset potential of
0.94 V vs. RHE (accounting only 60 mV overpotential compared to Pt/C) and a well-featured LSV profile,
Co304/NEGF could emerge as a potential contender as a non-Pt electrocatalyst for ORR. The half-wave
potential (E12) of Co3O4/NEGF (0.80 V vs. RHE) is also found to be very close to that of Pt/C (0.90 V),
which stands out as a quantitative indicator pointing towards the efficacy of the system to perform under
the more demanding condition of reasonable current dragging. Table 3.1 summarizes the values of the
onset potential and Ei/; for all the systems compared in this study. Associating the drastic difference in
the ORR performance characteristics of Co3Os and Co3O4/NEGF towards ORR, it can be clearly
understood the huge advantage incurred by the supported system through the cooperative and synergistic
effects originated from the metal oxide-support interactions. The controlled interplay originated from the

factors like the rough surface and nanorod morphology of Co304, the 3D-morphology of the substrate

Table 3.1. The onset (E) and half-wave (E,2) potentials measured for the various catalysts. (Reprinted (adapted)
with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580. Copyright (2021) American Chemical

Society).
Sample Onset Potential Half Wave Potential
E (V) vs. RHE E12 (V) vs. RHE
NEGF 0.80 0.69
Co304 0.65 0.54
Co304/NEGF 0.94 0.84
Pt/C 1.00 0.90

with its ability for ensuring seamless mass transport, and the modulations incurred through the electronic

interactions in the dispersed state are emerging as the beneficial factors for Co304/NEGF.

Tafel slope is another important quantifiable parameter to understand the ORR kinetics. Tafel analysis
has been performed for CosO4/NEGF and Pt/C by following the standard procedure (Figure 3.9c).
Co304/NEGF displays a Tafel slope of approximately 74 mV dec™!, nearly comparable to 68 mV dec’!
measured for Pt/C. The observed Tafel slope values for NEGF and Co3O4 are 92 and 108 mV dec’,
respectively (Figure 3.9d). The higher Tafel slope values of NEGF and Co304 compared to Co3O4/NEGF

suggest the slower ORR kinetics involved in the catalytic process over these systems.
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A critical issue with the existing non-Pt electrocatalysts for ORR is the parallel involvement of the
parasitic 2e- reduction process leading to the formation of H>O> and the desired 4e- reduction resulting in
the formation of H>O. The limitation of this possibility has been ruled out in the present case by
performing a rotating ring disc electrode (RRDE) analysis, which indicated an H>O> yield of less than
6%. In the RRDE data presented in Figure 3.10a the peroxide species (HO2") generated during the ORR
cycle was investigated and quantified. From Figure 3.10a, the H2O2 % is found to be remaining below
6%, with only marginal variations across the potential window for Co304/NEGF. The percentage of H>.O»
generated in the case NEGF is around 3%, and that on Co304 is around 28% at 0.60 V with respect to
RHE (Figure 3.10b). Although the percentage of H»O» formation is higher in the individual
electrocatalysts compared to the composite (Co3zO4/NEGF), the relatively higher percentage of H>O»
formation in Co304 is due to the hindered electronic transport due to the lower conductivity of the metal
oxide.*® The obtained low H>O, generation in the case of Co3O4/NEGF has been further substantiated
from the calculated number of electrons (represented as ‘n-value’ in Figure 3.10a) of 3.75 in the case of
Co304/NEGF (compared to 3.98 for Pt/C), which indicates the dominance of the water formation pathway
(4e-transfer) in the reduction process. Furthermore, Figure 3.10¢ shows the n-value calculation for NEGF

and Co304, which suggested that the n-value for NEGF is around 3.75 whereas that for Co3O4 is 3.6.

An accelerated durability test (ADT) of Co304/NEGF in comparison with Pt/C has been performed by
subjecting the system under potential cycling between 1.2 and 0.80 V (RHE) at 100 mV s™! in O,-saturated
0.1 M KOH condition. The purpose of this study was to understand the electrochemical stability of the
system under corrosion-induced conditions, which can lead to catastrophic failure of the morphological
features and result in concomitant variations in the key performance indicators. The ADT data
corresponding to Co3O4/NEGF and Pt/C are presented in Figure 3.10d and e, respectively. As can be seen
from the ADT profiles, Co3O4/NEGF could survive better under the triggered condition compared to its
Pt/C counterpart, inferring to the better structural endurance possessed by the former. This can be
quantitatively evaluated from the E1» value change of the systems subsequent to ADT, where the drop
observed in the case of Co304/NEGF is only 12.2 mV compared to 40.5 mV incurred by Pt/C. It is known
that the conventional carbon is prone to corrosion under the ORR conditions, which can lead to catalyst
fouling, particle aggregation, and dissolution. While replacing the carbon with NEGF, the process
enhances the binding interaction between the metal nanoparticles and graphene with the help of its

functionalized and heteroatom incorporated binding centers.?® The observed differences in the chemical
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and physical properties of Co304/NEGF before and after ADT is responsible for the minimal variation in
Ei2 of 12 mV which is very less in comparison to the Pt/C catalyst 40 mV (Figure 3.10d, e).

Post durability analysis of the Co304/NEGF catalyst has been done by physical characterization of the
pre-cycled sample. The TEM analysis of the pre-treated sample clearly shows the intact distribution of
the Co304 nanorod as similar to the pristine Co3O4/NEGF case. However, a surface roughness along with
the thin layer formation over Co3O4 nanorods (Figure 3.11a, b) was evidenced, revealing the textural
changes in the supported Co3O4 nanorods. The changes in the crystalline phase of Co3O4/NEGF after
ADT were observed by XRD analysis (Figure 3.11¢). The XRD analysis reveals that the surface is
covered with a thin layer of Co(OH), which was verified by the presence of the mixed-phase of Co304
and Co(OH), peaks.*® The observed diffraction peaks are ascribed to the (002), (220), (400), (511), and
(440) planes of the Co3O4 nanorods.? *® It is suppressing the more active (311) peak of Co3O4 after 5000
cycles with the concomitant formation of more active (100) peak for Co(OH),.% %7 In addition, the XPS
analysis of the sample has further supported the presence of Co(OH); (Figure 3.11d and e).** % %° After
the durability test, further deconvoluted Co 2p spectra analysis suggested the change in the electronic state
as evidenced from the change in the Co peak position (Figure 3.11e).**** The deconvoluted XPS spectra

of Co304 after ADT evidenced the presence of three different forms of Co-ions.

Hence, in the longer run, the in-house catalyst is expected to outperform the Pt/C system both in terms of
performance and durability under a realistic system-level demonstration. The high intrinsic ORR activity
displayed by Co3O4/NEGF in the single-electrode mode could be further translated in terms of
performance in the device level in a zinc-air battery (ZAB). As shown in Figure 3.12a, the ZAB consists
of the ORR catalyst coated gas carbon diffusion layer (GDL) as the cathode, zinc powder as the anode,
and 6 M KOH as the electrolyte. During the operation of the ZABs, diffused oxygen through the porous
air cathode gets reduced to OH -, which subsequently travels towards the anode through the electrolyte to
facilitate oxidation of Zn to form its hydroxide and oxide. The released electron during the oxidation
process of Zn flows through the outer circuit and establishes the flow of electric current.> ***#! In the
present case, the cells based on Co304/NEGF and Pt/C are found to be displaying the open-circuit
voltage(OCV) values of 1.31 and 1.40 V, respectively, which goes very well in line with the performance
recorded during the half-cell mode of operation (Figure 3.12b). The performance of the demonstrated

system is comparable to the ZAB systems reported in the literature (Table 3.2). The comparative steady-
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Figure 3.11. Post ADT analysis of the Co;O4/NEGF catalyst: (a) TEM image of Co3O4+/NEGF before
the electrochemical study, (b) TEM image of Co304/NEGF after ADT; (c) comparative XRD analysis
of the sample Co304/NEGF before and after ADT showing the formation Co(OH); layer over the Co3O4,
(d) deconvoluted XPS spectra of the as prepared Co;04/NEGF showing the peaks for Co?" and Co**and
(e) the deconvoluted XPS spectra of the electrocatalyst after ADT, showing the change in the binding
energy of the Co and appearance of one extra peak of Co due to the presence of the Co-O bond in
Co(OH)z. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580.
Copyright (2021) American Chemical Society).

state cell polarization (Figure 3.12b) leads to maximum power densities (Pmax) of 190 and 210 mW cm”
2, respectively, for the ZABs based on Pt/C and Co3O4/NEGF as the cathode catalysts. It is interesting to
note that, although the OCV for the cell based on Co304/NEGF is lower as compared to the counterpart
system based on Pt/C, the performance of the former gradually picks up and outperforms the later. This
is expected to be realized from the intrinsic advantage of Co304/NEGF as the ORR catalyst in terms of
mass transport governed by the porous 3D architecture of NEGF. system based on Pt/C, the performance
of the former gradually picks up and outperforms the later. This is expected to be realized from the intrinsic
advantage of Co304/NEGF as the ORR catalyst in terms of mass transport governed by the porous 3D
architecture of NEGF.
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Figure 3.12. The zinc-air battery (ZAB) fabrication, performance evaluation, and demonstration: (a)
schematic representation of the fabricated ZAB (cathode catalyst loading: 1.0 mg/cm?; anode: zinc powder;
separator: Celgard® membrane soaked with 6M KOH); (b) polarization plots recorded on the ZABs fabricated
by employing Co3O4/NEGF and Pt/C as the air electrodes; (c) long-term galvanostatic discharge curves of the
ZABs with Co3;04/NEGF and Pt/C as the cathode catalysts until complete consumption of the anodic zinc
powder; (d) galvanostatic discharge capacity of the battery after normalizing with the consumed amount of
the zinc powder used for the fabrication of the ZABs; (e) demonstration of the assembled ZAB displaying the
voltage of the two cells connected in series showing the voltage of 2.744 V as measured by using a multimeter;
(f) digital photograph of the LED illuminated using the ZAB containing Co3O4+/NEGF as the cathode catalyst.
(Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5, 4570-4580. Copyright (2021)

American Chemical Society).

Furthermore, the galvanostatic discharge curve recorded at 10 mA cm™ (Figure 3.12¢) points towards the
robustness of the in-house ZAB system. The discharge time for the ZABs based on Co304/NEGF and
Pt/C is found to be nearly 4.5 h and 4 h, respectively. The voltage drop in the plateau region concerning

the operation time is expected to result from the side reactions taking place over the surface of the Zn
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Table 3.2. Comparison of the key performance indicators of the various ZABs reported in the literature with the
reported system in this work. (Reprinted (adapted) with permission from ACS Appl. Energy Mater. 2021, 4, 5,
4570-4580. Copyright (2021) American Chemical Society).

Sr. No. Electrocatalyst Power Specific capacities | Current densities | References
density (mAh/gm-z,) (mA/cm?)
1. CF-N-rGO-150 540 mwW 630 mAh /g.zq 20 mA/cm? 10
cm?
2. CFZr(0.3)/N-rGO - 727 mAh /g.zq 20 mA/cm? 11
3. C030,—SP/NGr-24 190 ~590 mAh/g-zn 10 mA/cm? 12
h mW/cm?
4. CoMn/pNGr(2:1) | 230 mW /m? - - 13
5. Fe-N-PGC-800 731 mA h/g.zn 100 mA/cm? 14
6. C0304/NEGF 210 490 mAh/g-zn 10 mA/ cm? This work
mW/cm?

powder.?> 4> 46 The estimated specific capacity (Figure 3.12d) of the assembled ZAB based on
C0304/NEGF is about 474 mAh/gz, compared to 445 mAh/gz, measured for the system based on Pt/C.

For the real-time demonstration of the fabricated ZAB, two ZAB devices based on Co304/NEGF cathode
were connected in series, which result in an overall voltage of 2.744 V as measured using a multimeter
device (Figure 3.12e). This device was subsequently employed to light an LED of 2 V, which resulted in
steady illumination for a long time without any interruption (Figure 3.12f). Thus, overall, a close
matching and promising performance could be ensured during the demonstration of the ZAB based on
the in-house catalyst for facilitating ORR in the cathode, which justified our findings of the performance

mapping of the material-specific intrinsic activity of Co3;O4/NEGF through the single-electrode studies.

3.4. Conclusions:

In summary, a prospective non-noble metal-based ORR electrocatalyst derived by the dispersion of Co304
nanorods on 3D structured nitrogen-doped entangled graphene (NEGF), designated as CosO4/NEGF, was
achieved by employing a simple and scalable hydrothermal method followed by freeze-drying. As a
catalyst, Co304/NEGF displayed high ORR activity during single-electrode testing, and subsequently, its
potential as the cathode for a Zn-air battery (ZAB) system could be demonstrated under realistic testing
conditions. The synthesis protocol involving the hydrothermal treatment followed by the freeze-drying

processes is critical in achieving the desired structural and morphological features of the catalyst. The
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doped nitrogen, along with its favorable contribution towards ORR, also plays a critical role in
establishing the efficient dispersion of the oxide nanorods on the substrate. The catalytic activity
enhancement is expected to be resulted from the regulated interplay of several favoring factors, including
the high surface area, homogeneous dispersion of the active sites, better reactant distribution, high active
site accessibility, and the synergistic interaction operating between the doped nitrogen and the C0304
nanorods. The 60 mV onset potential shift for ORR and the Tafel slope of 74 mV/dec recorded over
C0304/NEGF compared to the state-of-the-art Pt/C in the single-electrode mode are promising values
expected from a non-Pt electrocatalyst. Further, the unique structural features involving the 3D
architecture with the interconnected pores created by the self-assembling of the entangled graphene during
the freeze-drying process is found to be assisting reactant distribution and active site utilization. The
competing performance displayed by the ZAB consisting of CosO4/NEGF as the cathode with the
counterpart system based on Pt/C cathode substantiates the structural advantages incurred by the home-
made catalyst. Thus, as a cost-effective and competitive catalyst, CozO4/NEGF stands out as a versatile
replacement for the expensive catalysts based on noble metals for the electrochemical systems involving

ORR as the rate-determining electrode process.
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Chapter-4
Air-Cathode Interface-Engineered Electrocatalyst for Solid-State
Rechargeable Zinc-Air Battery

Solid-state rechargeable zinc-air batteries (ZABs) are gaining interest as a new class of portable clean
energy technology due to their advantages such as high theoretical energy density, intrinsic safety, and
low cost. It is expected that an appropriately triple-phase boundary (TPB) engineered, bifunctional oxygen
reaction (OER and ORR) electrocatalyst

at the air-cathode of ZABs can redefine _’_//TH_R_ e BICTRAO, ™

=

the performance characteristics of these r

systems. To explore this possibility, an v
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spinel oxide (MnCo204)-supported
nitrogen-doped entangled graphene
(MnCo0204/NEGF) with multiple active sites responsible for facilitating both OER and ORR has been
prepared. The porous 3D graphitic support significantly affects the bifunctional oxygen reaction kinetics
and helps the system to display a remarkable catalytic performance. The air-electrode consisting of the
MnCo204/NEGF coated over the gas diffusion layer (GDL) ensures the effective TPB and this feature
works in favour of the rechargeable ZAB system under the charging and discharging modes. As an
important structural and functional attribute of the electrocatalyst, the porosity and nitrogen doping in the
3D conducting support play an important role in controlling the surface wettability
(hydrophilicity/hydrophobicity) of the air electrode. The fabricated solid-state rechargeable ZAB device
with the developed electrode displayed a maximum peak power density of 202 mW cm™2, which is
significantly higher as compared to the one based on the state-of-the-art Pt/C + RuO; catalyst (124 mW
cm™?). The solid-state device which displayed an initial charge-discharge voltage gap of only 0.7 V at 10

mA cm~2 showed only a small increment of 86 mV after 50 h.

Content of this chapter is published in the following article: DOI: 10.1021/acsaem.2c01266
ACS Appl. Energy Mater. 2022, 5, 8756—8768.
Reproduced with permission from American Chemical Society.
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4.1. Introduction:

To address the future energy and environmental challenges, economically viable energy storage
technologies with improved performance characteristics are necessary.! Among such charge storage
devices, solid-state rechargeable zinc-air batteries (ZABs) have gained appreciable interest for large-scale
applications in portable electronic devices.* Compared to the existing metal-air batteries, these systems
have several advantages such as high theoretical energy density (1086 Wh kg™!), involvement of safe
aqueous electrolytes, and sufficient zinc metal resources.> However, the practical applications of ZABs
are impoverished by their low power density, deficient charge-discharge voltage, and overall lower output
energy efficiency.* These limitations are mainly attributed to the slow kinetics of oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) on the air electrode.? Conventionally, the spherical-
shaped platinum nanoparticle-supported carbon (Pt/C) and RuO> are mostly used as the electrocatalysts
for ORR and OER processes, respectively.” However, the lower bifunctional activity of the individual
catalysts, their less availability as well as lower durability in the harsh conditions of ZABs hinder the
practical prospects of the real-time application of the rechargeable ZABs.® As a result, there has been a
growing interest in developing efficient bi-functional oxygen electrocatalysts.” Another important
obstacle with the air-cathode of ZABs is the restricted mass transport of the reactant/products gas
molecules and electrolytes due to the comparatively lower access of the active sites and imbalanced
hydrophilicity/hydrophobicity of the electrocatalyst coated GDL interface.® ® These issues necessitate a
strategic design approach for building the air-electrode with improved triple-phase boundary (TPB) for

effectively dealing the existing issues related to the kinetics and mass transport.!'%!2

As cost-effective solutions to the air-electrodes for ZABs, a series of non-noble metal-based electrodes
with excellent intrinsic activities were reported (e.g., transition metal
oxides/hydroxides/chalcogenides/heteroatom doped carbon-based materials and hybrids of these mate-
rials).> I3 Among them, the transition metal oxides (Fe, Co, Mn, and Ni) received enormous attention as
the ORR/OER bifunctional electrocatalysts due to their ease of synthesis, stability, and structural
flexibility.® Spinel oxides (A'B"B™04) are mostly being explored as the ORR/OER bi-functional
electrocatalysts owing to the distribution of the mixed-valence metal ions in the octahedral and tetrahedral
sites.!* The mixed valency metal ions in a spinel oxide crystal structure provide a preferable electron
transport channel with a favorable impact in improving the electrochemical activity.!” The intrinsic
bifunctional activity of the spinel oxides could be improved by morphology and compositional tuning. '®

17 Recently, we reported the nanorod-shaped spinel cobalt oxides with promising ORR performance.'®
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Binary or ternary transition metal spinel oxides possess better bi-functional oxygen activity due to the
involvement of the multiple catalytically active centers.!> '8 The presence of a second metal with different
charges alters the d-band centers and changes the electronic properties of the spinel oxides.!” !> 2 This
contributes favorably toward the bifunctional oxygen redox activity of the system. Among the various
bimetallic spinel oxides, MnC0204 is considered as a mixed-valence metal oxide with a spinel structure.'®
2! However, the potential applications of the spinel oxide catalysts are restricted by their poor electronic
conductivity.??> This could be addressed by the incorporation of a conducting support with active sites,
which simultaneously prevents the aggregation of the nanoparticles.” Most of the conducting carbon
supports used for dispersing the spinel oxides are 1D and 2D materials, which possess morphological
limitations for efficiently establishing the active electrochemical interface.?>2* In this context, the 3D
porous support materials as the substrates for interlinking the bifunctional active centers are becoming

more promising.*> 2

Considering the importance of the active triple-phase boundary (TPB) in the electrodes of ZABs,
appropriate interfacial engineering strategies to develop better air-electrodes are necessary.’” 28
Significant research has been done on developing the air-cathodes by depositing various metal oxide-
carbon composite-derived bifunctional catalysts directly on the surface of the hydrophobic GDLs.?’
However, such air-electrode structures provide an almost 2D multiphase interface that is confined to the
limited space between the porous GDL and the electrocatalyst layer. In this configuration, the electrolyte
and gaseous reactants cannot effectively reach out to the catalytic sites.>’ Thus, the traditional air-cathode
structure in ZAB inevitably gives rise to sluggish reaction kinetics for ORR and OER, which significantly
reduces the ZAB battery performance. In this context, the 3D reactive interface can substantially increase
the number of the active sites and accelerate the mass transport owing to its interconnected interfacial
structure.>! During the catalytic process, if some electrocatalytic sites migrate within the 3D interface
region, they will still be able to participate in the electrochemical process.® 3% ** This unique interface
structure also allows simultaneous electrolyte permeation and oxygen diffusion within the conductive 3D
multiphase interface region, offering considerable advantages for the cathode kinetics.® Simultaneously,
the air-cathode interface engineering by maintaining a good balance between the hydrophobicity and

hydrophilicity is vital for ensuring better mass transport.>*

To best accommodate the abovementioned structural attributes, an ORR/OER bifunctional electrocatalyst
with favorably modulated performance characteristics based on self-assembled nitrogen-doped porous 3D

entangled graphene supported MnCo204 catalyst has been developed (MnCo204/NEGF). The nitrogen-
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doped graphene acts as a better nucleation site for the nanoparticle growth over the asymmetric graphene
substrate with improved hydrophobicity. This nitrogen-doped carbon microstructure retains sufficient
hydrophobicity/hydrophilicity, which in turn could provide robust mass transport channels to the active
sites without getting flooded with the electrolyte solution. The ORR/OER bifunctional characteristics of
the catalyst are found to be competing well with that of the state-of-the-art Pt/C + RuO, standard pair for
tackling respective single electrode processes. Finally, a realistic validation of a rechargeable ZAB system
based on MnCo,04/NEGF as the air-electrode reveals that the catalyst system with its favorable structural
and functional attributes is capable of delivering better power density and stable cyclic stability. On these
aspects, the homemade system is found to have a clear upper hand compared to the similar system based

on the conventional air-cathode compositions.

4.2. Experimental Section:

4.2.1. Materials: Graphite, potassium permanganate (KMnQO4), manganese acetate tetrahydrate
[Mn(OAC)».4H>0], cobalt acetate tetrahydrate [ Co(OAc)2.4H20], zinc acetate and potassium hydroxides
were purchased from Sigma-Aldrich. Ammonium hydroxide (NH4OH), sulphuric acid (H2SO4) and
phosphoric acid (H3PO4) were acquired from Thomas Baker. All the chemicals were used as such without

any further purification.

4.2.2. Synthesis of Graphene Oxide (GO): Improved Hummer’s method was employed to synthesize
graphene oxide (GO). Firstly, (1:6) graphite powder and KMnO4 were well mixed using a mortar and
pestle. The resulting solid mixture was slowly added to the round bottom flask containing a mixture of
H3PO4:H2S04 (1:9) solution kept in the ice bath. After complete transfer of solid mixture, the reaction
solution was kept on stirring for 12 h at a constant temperature of 60 °C. After the reaction was completed,
the mixture was allowed to cool to room temperature. The resultant product was slowly poured into ice-
cold water containing 3% H>O; resulting in a yellowish solution. The resulting solution was then rinsed
several times with a copious amount of distilled water followed by centrifugation at 10000 rpm. The
collected solid residue was washed with 30 % HCI to remove any metal impurities; this was subsequently
washed with plenty of water to neutralize the acidic pH and wash away the impurities. Finally, the dark
chocolate-colored, highly viscous solution was collected and cleaned with ethanol and diethyl ether before

drying at 40 °C to produce the GO powder.

4.2.3. Synthesis of MnCo0204-Supported N-doped Entangled 3D Graphene (MnCo0204/NEGF): To
synthesize the MnCo0204/NEGF, the as-prepared GO was dispersed in water (3 mg/ml) via overnight
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stirring and water-bath sonication. After the complete dispersion of GO in water, ammonia solution (30
% v/v) was added and kept for constant stirring. After the formation of highly viscous graphene oxide
solution, Mn(OAc)>.4H>0 and Co(OAc)2.4H>O were added to the solution with a 1:2 ratio and kept under
stirring for another 6 h followed by sonication by using probe sonication. After the metal ions had been
thoroughly mixed, the reaction mixture was transferred to a Teflon-lined autoclave and heated at 180 °C
for 12 h. After that, the autoclave was allowed to cool and the sample was washed with water 5-6 times
to remove the excess ammonia. The resulting reaction mixture was then freeze-dried for 10 h at -52° C
under high vacuum pressure. The sample was taken after the freeze-drying procedure was completed, and
it had a black colored flaky structure. The obtained sample was named as MnCo2,04/NEGF. For
comparison, the control samples such as N-doped entangled graphene (NEGF), Mn3O4 supported N-
doped entangled 3D graphene (Mn3O4/NEGF), and Co304 supported N-doped entangled 3D graphene
(Co304/NEGF) were also synthesized. The NEGF, Mn3O4/NEGF, Co3O4/NEGF were prepared by using
the same methods without adding any metal precursor and graphene oxide, with addition Co(OAc)..4H>0,

Mn(OAc)2.4H>0 respectively, keeping all the other parameters as such.

4.2.4. Physical Characterization: The structure, morphology, surface composition, surface properties,
thermal stability, and physical interactions between the metal oxide nanoparticles and the support of the
synthesized catalysts were investigated with the help of FESEM, X-ray Tomography, ESEM, TEM,
HRTEM, Raman spectroscopy, XPS, XRD, TGA and BET measurements. The FESEM analyses were
carried out by FEI Nova Nano SEM 450 FESEM microscopes. The samples for FESEM were prepared
by the thin coating of isopropyl alcohol (IPA) dispersed sample (5 mg of the sample in 5 mg IPA) on a
silicon wafer. Furthermore, the samples were dried for 1 h under an IR lamp. The three-dimensional
structure of the catalyst was imaged by using X-ray microtomography (Xradia 510 Versa X-ray
Microscope, Zeiss, Pleasanton, CA, USA) to study their internal structure and morphology. Dragonfly
Pro (Version 3.6) was used as an image processing software to generate the volume-rendered three-
dimensional (3D) images of the samples. The elemental inspection was done by using SEM-EDS with a
Quanta 200 3D FEI instrument connected with the TEAMTM EDS analysis system. TEM images were
recorded on a Tecnai T-20 instrument at an accelerating voltage of 200 kV. The HRTEM images were
recorded using a JEOL JEM F-200 HRTEM instrument with a point-to-point resolution of 0.19 nm. The
samples for TEM and HRTEM were prepared by drop-coating the well-dispersed sample in isopropyl
alcohol (1.0 mg of the sample in 5 mL solvent) on a carbon-coated 200 mesh copper grid. The sample-

coated TEM grid was dried for 1 h under an IR lamp. To check the crystal structure of the as-synthesized
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samples, Powder X-ray diffraction (PXRD) analysis was done. Nitrogen (N2) adsorption-desorption
isotherm experiments were performed on a Quantachrome-Quadrasorb automatic volumetric instrument
to analyze the surface area and pore volume of the samples. The thermal stability of the carbon support
and the loading of the active catalytic center over the carbon was measured using an SDT Q600 DSC-
TDA thermo-gravimetric (TG) instrument in the temperature range of room temperature to 900 °C at a
constant heating rate of 10 °C min™' under an oxygen atmosphere. The XRD investigation was carried out
on a Rigaku Smart Lab diffractometer with Cu Ko radiation (A = 1.5406 A) in the 20 range of 10 to 80°
with a scan rate of 5° min'. Raman spectral interpretation was carried out using a 632 nm green laser
(NRS 1500W) on an HR 800 RAMAN spectrometer. The XPS measurement was performed using a fully
integrated, monochromatic small spot XPS system. It is specified with an X-ray monochromator source

by the 180° double-focusing hemispherical analyzer-128-channel detector and micro-focused Al Ka.

4.2.5. Rotating Ring Disk Electrode Study: The electrochemical analysis was done by a couple of
electrochemical techniques such as voltammetry. Cyclic voltammetry (CV), linear sweep voltammetry
(LSV) and impedance techniques were adopted. A rotating disc electrode (RDE) set-up (Pine Instrument)
was employed for the LSV measurements. The electrochemical cell was made of a set-up of a three-
electrode used with an SP-300 model BioLogic potentiostat. A graphite rod (Alfa Aesar, 99.99%) as a
counter electrode and Hg/HgO as a reference electrode were employed for the electrochemical analyses.
For the comparison of the ORR and OER performance of the prepared electrocatalyst in the half-cell
studies, we included the ORR activity of 20% Pt/C and the OER activity of RuO,. The catalyst slurry was
prepared by mixing the catalyst (5 mg) in 1 mL isopropyl alcohol-water (3:2) solution and 40 pL of Nafion
solution (5 wt%, Sigma-Aldrich) using approximately 1 h water-bath sonication. After that, 10 uL of the
catalysts slurry was drop-coated on the surface of the working electrode, which was polished with 0.3 pm
alumina slurry in DI water followed by cleaning with DI water and acetone. The electrode was then dried
under an IR-lamp for 1 h. The experiment was carried out in an aqueous solution of 0.1 M KOH for ORR
and 1 M KOH for OER performance measurements to check the electrochemical performance. All the
experimental electrode potentials were converted into the reversible hydrogen electrode (RHE) through

an RHE calibration experiment with the previously reported procedure (ACS Catal. 2017, 7, 6700-6710)
4.2.6. The Hg/HgO Reference Electrode Calibration and Conversion to RHE:

The Hg/HgO electrode was calibrated by using the same method as reported in our previous report (ACS
Catal. 2017, 7, 6700-6710) using a conventional 3-electrode system employing a platinum RDE electrode
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as the working electrode (WE), graphite rod as the counter electrode (CE), and Hg/HgO as the reference
electrode (RE) under Ho-saturated 0.1M KOH solution as an electrolyte. The linear sweep voltammogram
(LSV) was recorded at a scan rate of 0.50 mV/s. The potential when the current crossed the zero point
during the LSV measurement was taken as the thermodynamic potential for the hydrogen electrode
reactions. The potential at the zero current was found to be at -0.8722 V. Hence, for the conversion of the

voltage recorded with respect to Hg/HgO to the RHE scale, the following equation is used:
E (RHE) =E (HZ/HZO) 1+ 0.8722 V .ot e 1

4.2.7. Preparation of the Gel Electrolytes: 2 g of the PVA powder (MW205000, Sigma-Aldrich) was
typically dissolved in 16 mL ultrapure water at 90 °C with vigorous agitation. When a translucent gel
solution was formed, 4 mL of 9 M KOH solution was added drop wise and stirred for 20 min. at 90 °C.
The gel solution was put into a petri dish (2 cm in diameter), and then stored in the refrigerator at -20°C
for 1 h and then at 0°C for another 1 h. After that, a thin sheet structure of the gel electrolyte was formed,

which was used for the solid-state ZAB device fabrication.

4.2.8. Assembly and Testing of the Solid-state ZAB Device: The solid-state rechargeable ZAB was
assembled by utilizing Zn powder as the anode, MnCo0204/NEGF-coated GDL as the air-cathode, and
PVA/KOH gel as the electrolyte in an electrochemical ZAB device set up (MTI Corporation). For the
preparation of the catalyst slurry, MnCo.04/NEGF was added to the 1: 4 ratio mixture of isopropyl alcohol
and water followed by keeping for sonication for 1 h. To the resulting dispersion, 10 wt% Fumion
solutions was added, and the mixture was sonicated for an additional 1 h. After the complete dispersion,
the catalysts slurry was brush-coated over a gas diffusion layer (GDL) and was dried at 60 °C for 12 h to
achieve a catalyst loading of 1.0 mg cm™ (electrode area = 1.0 cm?). A multichannel VMP-3 model Bio-
Logic Potentiostat/Galvanostat was used to evaluate the ZAB set-up at room temperature. The ZAB was
analyzed by steady-state polarization at a scan rate of 5 mV/s. The polarization analysis and EIS studies
were performed at a constant voltage of 1.0 V with an amplitude of 20 mV; the galvanostatic discharge
and discharge-charge cycling (5 min discharge followed by 5 min charge) tests were carried out by a Bio-

Logic potentiostat.

4.3. Results and Discussion:

A schematic representation of the stages involved in the stepwise synthesis of MnCo204/NEGF as an

ORR/OER bifunctional electrocatalyst and demonstration of its application as the air-electrode material
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Figure 4.1. The schematic illustration of the stages involved in the stepwise synthesis of MnCo,0./NEGF
ORR/OER bifunctional electrocatalyst and demonstration of its application as the air-cathode for the solid-state
rechargeable Zn-air battery.

for the rechargeable ZAB is presented in Figure 4.1. In brevity, the aqueous solution of the graphene
oxide (GO) synthesized via the improved Hummer’s method was mixed well with Co?* and Mn?* metal
precursors (2:1) at constant stirring for 6 h. The positively charged metal ions get anchored over the
negatively charged functional groups of GO through electrostatic interactions during the mixing process.
Ammonium hydroxide (~30 % v/v) was added to the metal ion-anchored GO solution with continuous
stirring for 6 h, followed by probe sonication for 10 min. The color of the solution was found to be changed
at a certain concentration when the pH of the solution reached to ~10 due to the formation of the metal
hydroxides and adsorption of the NH4" ions over the negatively charged GO surface. During the
hydrothermal treatment, the decomposition of NH4" moieties occur in the beginning, followed by the
doping of nitrogen into the carbon skeleton with the creation of the asymmetric metal nucleation centers.

As the hydrothermal process proceeds at high temperature and pressure, the metal hydroxides gradually
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Figure 4.2. Field emission scanning electron microscopy (FESEM) images: (a)-(b) MnCo0,04/NEGF showing
the interconnected areas and the 2D sheet structures in the 3D assembly; (¢) NEGF showing the porous
architecture of the entangled 3D graphene sheets; (d) the spherically shaped MnCo.0. particles in the
unsupported system.

decompose and nucleate at the asymmetric carbon centers, resulting in the formation of the spherically
shaped spinel oxide (MnCo0204) nanoparticles anchored over the surface of the N-doped reduced graphene
oxide. The hydrothermal reaction is followed by the freeze-drying process, which plays a critical role in
establishing the 3D geometrical orientation and re-structuring of the graphene sheets bearing the bimetal-
lic spinel oxide nanoparticles. This electrocatalyst consisting of the entangled graphene framework with
homogeneously dispersed Co-Mn spinel oxide nanoparticles (MnCo204/NEGF) possesses high surface
area and accessible porous architecture to the catalytic sites. The resulting catalyst was coated over a
porous carbon gas diffusion layer (GDL) in combination with PVA-KOH gel electrolyte and a solid-state

rechargeable ZAB device was fabricated and demonstrated.
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4.3.1. FESEM Analysis:

The morphological analysis of NEGF and the distribution of the bimetallic spinel oxide nanoparticles was
investigated by field emission scanning electron microscopy (FESEM). The freeze-drying induced
structural alignment leading to the establishment of homogeneous porosity to the assembly of the N-doped
reduced graphene oxide layers in MnCo0204/NEGF is clearly evidenced in the FESEM images presented
in Figures 4.2a and 4.2b. Figure 4.2a shows the self-assembly structure of MnCo0204/NEGF consisting
of the nitrogen-doped 3D oriented graphene sheets whereas the magnified image of the catalyst shown in
Figure 4.2b highlights the interconnection of the sheets leading to the formation of the porous architecture
of the matrix. The formation of the self-assembled 3D structured bare NEGF can be visualized in the
FESEM image presented in Figure 4.2c. In the absence of the support, under the similar experimental
conditions, the particles of MnCo.04 are appeared to be formed with bigger and agglomerated structures
as shown in Figure 4.2d. The NEGF support with its nitrogen-doped anchoring sites appeared to be
creating a fertile environment for the nucleation of the MnCo20s nanoparticles, which enables

homogeneous and more size-controlled dispersion.
4.3.2. Micro-Computed Tomography Analysis:

Furthermore, to gain more clarity on the dimensionally oriented 3D microstructures of the
MnCo204/NEGF electrocatalyst, X-ray micro-computed tomography (micro-CT) imaging was employed.
Volume-rendered 3D micro-CT images of GO, NEGF and MnCo,04/NEGF are presented in Figure 4.3.
These images clearly point towards the existence of the well-defined porous architecture of the system
which has been originated by connecting the edges of the graphene sheets. Compared to NEGF (Figure
4.3a) and MnCo204/NEGF (Figure 4.3b), the micro-CT image presented in Figure 4.3c for GO shows a
non-separated stacked layer of the sheets. The features of MnCo,04/NEGF with respect to the layer-
separated 3D structure with interconnection and inter-layer spacing of the graphene sheets is in agreement
with the textural characteristics of the system as revealed through the FESEM images. The porous
microstructure of NEGF helps the system to attain higher surface area as compared to its precursor (GO).
The spatial distribution of the MnCo,04 particles over the NEGF sheets is shown in Figure 4.3d, which

displays the distribution of the closely similar-sized nanoparticles of MnCo.04 in the catalyst matrix.
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Figure 4.3. Volume-rendered 3D micro-computed tomography (CT) images; (a) NEGF showing the
microporous 3D structure of the entangled graphene; (b) the 3D micro-CT image of MnCo0,04/NEGF, showing
the porous structure of the matrix formed by the interconnection of the 2D sheets of GO; (c) GO showing the
randomly oriented GO sheets; (d) 3D spatial visualization image of MnCo,0. over the NEGF sheets.

4.3.3. TEM and HRTEM Analyses:

The distribution of the MnCo204 nanoparticles on NEGF could be mapped with the help of transmission
electron microscopy (TEM) imaging (Figure 4.4a). The image points towards the homogenous
distribution of the spherically shaped MnCo204 nanocrystals with size in the range of 15 to 30 nm over
the individual sheets of the N-doped graphene. As mentioned previously, the controlled distribution of
the metal oxide nanoparticles is mediated by the intervention of the asymmetric carbon centers present in
the N-doped graphene framework, which serve as homogeneous nucleation sites for the growth of the

MnCo.04 nanoparticles. The contrast difference of the particles in the TEM image suggests that a fraction
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Figure 4.4. (a) The TEM image of MnCo0,04/NEGF, displaying the uniform distribution of MnCo.0, over
NEGF; (b) the HRTEM image of MnCo.0./NEGF, clearly displaying the d-spacing for MnCo,0O4 with the inset
image representing the crystalline nature of MnCo,0a; (c-h) the HRTEM image and the elemental mapping

corresponding to Co, Mn, N, O and C, respectively, done on MnCo.04/NEGF.

of metal oxide nanoparticles is distributed at the inner surface of the 3D graphene, which are protected by
the thin layers of the graphene sheets.® This controlled distribution of the MnCo204 nanoparticles on the
either side of the graphene sheets is beneficial for providing better stability to the system by reducing the
chances of self-agglomeration of the nanoparticles.® Figure 4.4b shows the high-resolution transmission
electron microscopy (HRTEM) image of MnCo.04/NEGF, elucidating that the metal oxides are
crystalline in nature. The metal oxide nanoparticles are having lattice fringe widths (d-spacing) of 0.25
and 0.21 nm, which are ascribed to the (311) and (211) facets suggesting the formation of the cubic
MnCo204 spinel phase.®” The selected area electron diffraction (SAED) pattern shown as the inset image

in Figure 4.4b displays the characteristic diffraction ring corresponding to the polycrystalline nature of
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the MnCo204 spinel oxides, which again confirms the (311) and (211) planes of MnC0204.2” Using the
HRTEM image shown in Figure 4.4c, the elemental mapping corresponding to the location has been done
and the respective images are presented in Figure 4.4d-h. The images represent the presence and
distribution of Co, Mn, O, C and Ni, which is in line with the chosen composition of the catalyst. The
presence of Co and Mn in the same position with almost double intensity of Co clearly supports the

bimetallic structure of the spinel oxide.
4.3.4. Surface Area Analysis:

Figure 4.5a shows the comparative pore size distribution profile of NEGF, MnCo020s, and
MnCo.04/NEGF, where the a major fraction of the pores is found to be distributed in the region of 2-30
nm for NEGF and 2-20 nm for MnCo,04/NEGF. MnCo,04 on the other hand, is found to be less porous.
Hence, the dispersion of MnCo0.04 on NEGF slightly lowers the porosity of the composite, and this
accounts the observed trend in the pore size distribution profile of MnCo0204/NEGF with the major portion
of the pores falling in the range of 16-20 nm. This difference in the nature of the pore size distribution be-
tween the samples is also reflected in terms of their BET surface area. The surface area of 450 m? g!
measured on NEGF has been dropped to 300 m? g in the case of MnCo,04/NEGF. Also, both NEGF
and MnCo,04/NEGF display Type-IV isotherms (Figure 4.5b). The large surface area possessed by
MnCo204/NEGF along with its highly porous texture is a distinct advantage of the system as an
electrocatalyst with the effective utilization of the active sites by establishing the interface with the
electrolyte and reactants. This type of active ‘triple-phase boundary” (TPB) formation is an important
requirement for realizing the final application of the electrocatalyst as an efficient air-electrode for the

rechargeable ZABs.
4.3.5. Thermogravimetric Analysis:

The total loading of the spinel oxide nanoparticles in MnCo.04/NEGF has been determined by
thermogravimetric analysis (TGA). The TGA profiling was done under oxygen atmosphere in the
temperature range of 25 to 900 °C at a scan rate of 10 °C per min. Figure 4.5c, displays the TGA weight
loss profile for MnCo0204/NEGF, which indicates from the residue content that the total loading of

MnCo020s in the system is ~45 wt. %.

4.3.6. XRD Analysis:
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Figure 4.5. (a) The pore size distribution profiles of NEGF, MnCo0,04 and MnCo,04/NEGF, suggesting that the
pores are mostly distributed in 10 to 15 nm range; (b) comparative BET adsorption and desorption isotherms of
NEGF, and MnCo,04/NEGF, showing Type-IV characteristics; (¢) TGA profile recorded for MnCo,04/NEGF.

The X-ray diffraction (XRD) pattern of NEGF shown in Figure 4.6a displays broad diffraction peaks at
the 26 values of 26 and 43°, which are attributed to the (002) and (100) graphitic diffraction planes,
respectively.®® The XRD profile of Cos04/NEGF shows a comparatively intense peak corresponding to
the (311) plane of Co304 at the 260 values of 35°.1° However, after the incorporation of Mn into the spinel
structure of Co304, the resulting MnCo0204/NEGF showed almost similar peak intensities of the major
phases with a small shift in the peak positions.®® 40 As depicted in Figure 4.6a, the XRD pattern of
MnCo204/NEGF confirmed a series of peaks at 26 = 18.3, 30.2, 35.6, 37.0, 43.2, 53.8, 57.2, 62.7 and
74.0°, which are ascribed to the (111), (220), (311), (400), (422), (511), (440) and (533) planes,
respectively, for the MnCo,04 spinel structure (JCPDS No. 23-1237).#! Also, after incorporating the
MnCo204 nanoparticles over NEGF, the (002) graphitic plane is found to be shifted towards a lower
diffraction angle (25°) compared to that in NEGF (26°). This shift is expected to be originated by the
expansion of the d-spacing of the nitrogen-doped graphene sheets due to the incorporation of the

MnCo204 nanoparticles between the layers.
4.3.7. XPS Analysis:

Furthermore, a more focused investigation on the chemical nature of the prepared catalysts has been
performed with the help of X-ray photoelectron spectroscopy (XPS); the corresponding data are presented
in Figure 4.6b-f. The survey scan spectra of NEGF, C0o304/NEGF, and MnCo0204/NEGF shown in Figure
4.6b, confirm the presence of Mn, Co, O, N, and C in the respective materials. The characteristic Co 2p
XPS peaks corresponding to CosO4/NEGF and MnCo0204/NEGF are appearing at the B.E. values of 784.2,
795.5eV and 783.5 eV, 796.5 eV, respectively (Figure 4.6¢).% The characteristic peak separation (~15.84
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Figure 4.6. (a) The XRD profiles recorded for NEGF, Co3z04/NEGF, and MnCo0,04/NEGF; (b) the comparative
survey scan spectra of NEGF, CosO4/NEGF, and MnCo0.04/NEGF, showing the presence of C, N, O, Co, and
Mn in the respective catalysts; (c) the Co 2p XPS spectra of Cos04/NEGF, and MnCo,04/NEGF, revealing the
peak shift after the incorporation of Mn into the Co30O4 matrix; (d) the deconvoluted spectra of Co 2p showing
the presence of two spin-spin splitting peaks revealing the +2 and +3 oxidation states of Co in MnCo0,04/NEGF;
(e) the deconvoluted Mn spectra, showing the presence of the two peaks corresponding to the spin splitting,
confirming the presence of the two oxidation states of Mn, viz., +2 and +3; (f) the deconvoluted N 1s spectra,

confirming the presence of the four types of nitrogen.

eV) between the two peaks remains the same for the spinel oxides. However, the shift in the B.E after
incorporating Mn into the spinel lattice of Co304 provides supplementary evidence on the formation of
the bimetallic (MnCo020s) spinel oxide. The observed negative shift in the B.E of MnCo204 compared to
C0304 might be due to the charge transfer from Co to Mn.*® Furthermore, the deconvoluted XPS spectra
of Co 2p in MnCo0204/NEGF show two doublets (Figure 4.6d) at the B.E. values of 783.1 and 798.8 eV
with a band separation of ~15.7 eV, pointing towards the existence of the +2 and +3 oxidation states of
Co.1% 4 In addition, the deconvoluted Mn spectra (Figure 4.6€) show two spin-spin coupling peaks at
the B.E. values of 783.1 and 798.8 eV, corresponding to the Mn 2p3/2 and Mn 2p1/2 states of Mn.>
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Figure 4.7. (a) The Raman spectra recorded for NEGF and MnCo.04/NEGF; (b) the contact angle images of
MnCo,04/NEGF and its counterpart without nitrogen doping, i.e. MnCo0,O4/EGF, showing the dissimilarity in
the wettability characteristics.

This confirms the existence of Mn in the +2 and +3 oxidation states in the system. Moreover, the
deconvoluted N 1s spectra of the MnCo0204/NEGF (shown in Figure 4.6f) display the peaks of the
pyridinic-N at 398.6 eV and the pyrrolic-N at 399.7 eV as the major moieties along with smaller pro-
portions from the graphitic-N at 400.5 eV and NH4* at 405.5 V.16

4.3.8. Raman Analysis:

The extent of the defects imparted in the graphene frameworks of NEGF has been determined by
calculating the Ip/lg ratio using Raman spectroscopy. In the Raman spectra, the D-band typically
expresses the defects whereas the G band represents the orderliness in the graphene lattice. The
comparative Raman spectra recorded for NEGF and MnCo0.04/NEGF are presented in Figure 4.7a. The
D-band peak that appeared at 1350 cm™ is attributed to the graphitic lattice vibration mode with the Asq
symmetry, while the G-band peak that appeared at 1590 cm™ is credited to the graphitic lattice vibration
mode with the Ezq symmetry.?’ In the case of NEGF and MnCo0,04/NEGF, the measured Ip/l ratios are
1.25, and 1.31, respectively. The increased Ip/lg value reported for GO (~1.0) to NEGF in the present
case clearly points towards the creation of new defect sites with the introduction of the doped nitrogen
into the graphitic lattice structure during the solvothermal treatment at 180 °C. Such introduced defective

sites in the N-doped graphene sheets are helpful for seeding the nucleation of the metal oxide
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nanoparticles.*> The defective sites are higher in MnCo0,04/NEGF (lp/lc = 1.31) compared to its
counterpart NEGF support (Io/lc = 1.25), which must have been introduced due to the lattice stress created
during the in-situ growth of the metal oxide nanoparticles.>! The presence of nitrogen doping in the
conducting support can modulate the surface wettability of the electrocatalysts, which is an important
deciding factor in improving the activity of the catalyst by enhancing the extent of the interface formation
with the electrolyte.?” The contact angle (CA) measurement was performed to check the surface
wettability of MnCo,04/EGF and MnCo0204/NEGF (Figure 4.7b). The lower CA value of 24° measured
for MnCo,04/EGF confirms the higher hydrophilicity of the enabling catalyst, which can easily wet the
surface, resulting in water flooding. Therefore, the mass transfer can be hindered by the excessive wetting
of the surface. After the N doping into the 3D structure of graphene, the CA value for MnCo204/NEGF
reached an optimal value of 42°. This optimum hydrophilicity of the catalytic material is more conducive

to forming the gas-liquid-solid TPBs during the electrochemical reactions.*®
4.3.9. Electrochemical Analysis:

The electrochemical bifunctional feature of the designed catalyst was evaluated by motioning the ORR
and OER characteristics with the help of a set of electrochemical probing methods. A 3-electrode
electrochemical cell was employed to evaluate the activity of the catalyst. The catalyst-coated glassy
carbon electrode (GCE) was used as the working electrode (WE), whereas an Hg/HgO and a graphite rod
were used as the reference and counter electrodes, respectively. The bifunctional ORR/OER
characteristics of the electrocatalyst were evaluated by the rotating disk electrode (RDE) analysis by
employing 0.1 M KOH and 1 M KOH electrolytes for ORR and OER, respectively. The linear sweep
voltammograms (LSVs) corresponding to ORR were recorded in 0.1 M KOH at the voltage scan rate of
10 mV sec? under O, atmosphere while maintaining the working electrode rotation at 1600 RPM. The
comparative LSV profiles presented in Figure 4.8a point towards the superior ORR performance
displayed in terms of the onset potential by MnCo204/NEGF (0.93 V) compared to the control samples,
i.e., NEGF (0.86 V), Co304/NEGF (0.89 V), and Mn3O4/NEGF (0.85 V). In addition, the onset potential
of 0.93 V recorded by MnCo0204/NEGF is coming very close to that displayed by the state-of-the-art Pt/C
catalyst (0.98 V). The observed half-wave potentials (E12) recorded on the catalysts corresponding to
ORR are MnCo204/NEGF (0.81 V), NEGF (0.75 V), C0o304/NEGF (0.77 V), Mn30O4/NEGF (0.76 V) and
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Figure 4.8. (a) The comparative LSV profiles recorded for NEGF, Co:04/NEGF, MnCo0,04/NEGF, and Pt/C
towards ORR in O saturated 0.1 M KOH at 1600 rpm of the working electrode; (b) the comparative LSV profiles
recorded for NEGF, Co3z04/NEGF, MnCo0,04/NEGF, and Pt/C towards OER in N> saturated 1 M KOH at 1600
rpm of the working electrode; (c) the LSV profiles comparing the ORR/OER bifunctional activity of NEGF,
C0304/NEGF, Mn304/NEGF, and MnCo,04/NEGF; (d) the graph comparing the half-wave potential (E1) for
ORR, the onset potential for OER (Ej @ 10 mA cm?), and AE, i.e, ORR (E12)-OER (Ej@ 10 mA cm?) for the
catalysts; (e) the comparison of the Tafel slopes extracted from the LSV profiles recorded by the systems towards
ORR; (f) comparison of the Tafel slopes extracted from the LSV profiles recorded by the systems towards OER.

Pt/C (0.84 V). Similarly, the OER activity has also been evaluated for NEGF, Co0304/NEGF,
Mn3O4/NEGF, MnCo,04/NEGF, and RuO; in 1 M KOH at a voltage scan rate of 10 mV sec™? under N
atmosphere (Figure 4.8b). The synthesized catalysts have displayed the OER activity (Ej@10 mA cm™)
as Co304/NEGF (1.72 V), Mn3O4/NEGF (1.65 V), MnCo,04/NEGF (1.63 V) and RuO; (1.61 V),
respectively. Clearly, among all the homemade systems, the LSV traced for MnCo2,04/NEGF outperforms
the other systems in terms of the OER activity. Thus, in terms of both the oxygen reactions (ORR/OER),
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MnCo204/NEGF is observed to be a versatile catalyst with its unique bifunctional feature to facilitate both
the reactions. Moreover, the difference between the OER potential (Ej @ 10 mA cm) and ORR half-
wave potential (E1/2) is generally being used to rate the performance of a bifunctional catalyst (Figure
4.8¢).*” The bar chart presented in Figure 4.8d compares extracted values of E1, for ORR, Ej @ 10 mA
cm for OER and the difference between these two values (ORR-OER) for the respective electrocatalysts.
Based on the ORR-OER parameter, which is an indicative of the overall bifunctional activity of the
system, MnCo0204/NEGF with the difference of 0.82 V (Figure 4.8d) is found to be comparable to or

better than the previously reported various bifunctional electrocatalysts (Table 4.1). The Tafel slope,

Table 4.1. Comparison of the bifunctional oxygen activity of some of the recently reported non-noble metal-

based electrocatalysts vs. our catalyst.

Electroctalysts Half Wave Potential E;@10 mA cm™ Bifunctional References
E,. (V) vs. RHE (Vvs. RHE) activity, AE (mV)
Co;0,/NPGC 0.84 1.68 0.84 3
Co/N-C-800 0.74 1.60 0.86 4
Co304/CNW 0.76 1.57 0.83 5
MnCo,O,/NEGF 0.81 1.63 0.82 This Work

which is a key performance indicator representing the intrinsic activity of the catalyst, has been extracted
from the LSVs recorded for ORR and the corresponding values measured for NEGF, Co304/NEGF,
Mn304/NEGF, MnCo204/NEGF, and Pt/C are shown in Figure 4.8e. MnCo0.04/NEGF with its Tafel slope
value of 68 mV dec is found to be nearly comparable to Pt/C (64 mV dec™). A similar exercise has been
done to evaluate the kinetics towards OER, and the corresponding Tafel plots for the catalysts with the
slopes marked are presented in Figure 4.8f. The measured Tafel slope value for MnCo2.04/NEGF and
RuO; are 74 and 86 mV dec, respectively. The higher Tafel slope values of CosO4/NEGF (92 mV dec’
1y and Mn304/NEGF (86 mV dec™) compared to MnCo0,04/NEGF suggest better activity of the later
system towards OER. Clearly, the incorporation of Mn into the Co30s lattice is playing a critical role in
building the bifunctional feature in the system to enable the catalyst to perform effectively for both the
ORR and OER processes.

The electrochemical durability of the catalysts has been investigated by subjecting 5000 cycling under

oxygen saturated 0.1 M KOH at a scan rate of 100 mVs™ in the potential range of 1.2 and 0.8 V with
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Figure 4.9. Electrochemical durability measurement of the electrocatalyst: (a) and (b) comparative LSV profiles

of MnCo,04/NEGF and state-of-the-art Pt/C, respectively, toward ORR recorded before and after completion of

the 5000 cycles in 0.1 M KOH at 1600 rpm of the working electrode; (c) comparative LSV profiles of
MnCo,04/NEGF corresponding to OER recorded before and after the 5000 cycles in 1 M KOH at 1600 rpm of

the working electrode.

respect to RHE, followed by recording the LSV in the oxygen reduction region. A comparison of the

LSVs recorded before and after the potential cycling process showed a negative shift in the E1/2 value with
a drop of 34 mV for MnCo204/NEGF (Figure 4.9a). This drop is lower than that of the state-of-the-art

Pt/C catalyst (36 mV) (Figure 4.9b) recorded under identical conditions. In a similar way, the durability

analysis was performed by cycling the potential for 5000 times under N2 saturated 1 M KOH at a voltage
scan rate of 50 mV sec™ (Figure 4.9c). The change in the OER potential (Ej@10 mA cm) for

AcSIR | CSIR-NCL | Narugopal Manna

Page 126



Chapter-4

S0 pm_|(b) MaCs OINEGE@GDIE 50

200 uM

v o 00um 100 um o 100 uM

Figure 4.10. (a) The cross-sectional FESEM image of the GDL showing the plain surface boundary with the
higher magnified inset image highlighting its bright plain surface; (b) the cross-sectional FESEM image of
MnCo,04/NEGF-coated GDL demonstrating the heterojunction interface formed after coating the catalyst with
the interface marked with the dotted lines, including as an inset image for better clarity; (c) the cross-sectional
FESEM images of Pt/C + RuO,-coated GDL demonstrating the plain surface boundary (Inset: the higher
magnified image showing the focused view of the bright part of the plain surface); (d) and (e) the 3D CT
tomogram images recorded for the GDL and MnCo,0./NEGF@GDL along the cross-section where the bare
GDL is showing the two distinct phases of OCF and GDF, whereas MnCo0,04/NEGF@GDL displays a rough
surface of the coated catalysts layer; (f) the CT 3D tomogram image recorded along the cross-section for Pt/C
+ RuO,-coated GDL showing the two different phase of the OCF and the GDF.

MnCo204/NEGF is only 15 mV. These results reveal the better structural endurance and corrosion

resistance of MnCo0204/NEGF as a bifunctional catalyst for OER and ORR applications.

The application of MnCo0.04/NEGF as an air electrode to function in the discharging (ORR) and charging
(OER) modes for a solid-state ZAB was demonstrated by employing the catalyst-coated gas diffusion
electrode (GDE) as the cathode. Prior to the fabrication of the cell and its testing, the catalyst-coated GDL
surface was characterized by using FESEM and X-ray CT mapping to check the 3D microstructure of the
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Figure 4.11. (a) and (b) the contact angle images recorded on the bare GDL and MnCo0,04/NEGF, showing the
surface wettability characteristics; (c) the contact angle measurement on the Pt/C + RuO,-coated GDL.

resulting electrodes (Figure 4.10). Figure 4.10a and the inset image show the cross-sectional FESEM
image of the bare GDL, revealing the mostly flat structure of the surface. However, in the case of the
GDL coated with MnCo0204/NEGF, a thick layer with 3D structure (indicated by the dotted yellow lines)
is observed (Figure 4.10b). The inset of Figure 4.10b gives better clarity of the surface containing the
3D self-assembled structure of the coated layer of MnCo2,04/NEGF. This 3D microstructured catalyst
layer over the GDL has a significant advantage for achieving improved TPB with better active interface
and mass transfer characteristics. Compared to the highly porous nature of the MnCo2,04/NEGF layer on
the GDL, the catalyst layer of Pt/C+RuO: is found to be significantly less porous (Figure 4.10c). The 3D
CT tomogram imaging was performed to gain further information about the nature of multiphase reactive
the gas diffusion face (GDF) towards the inner and outer sides of the air-electrode, respectively. At OCF,
the carbon fibers are coated with the hydrophobic PTFE, which prevents the flooding of the
microporoussurface of the GDL. Figure 4.10d and 4.10e show the 3D tomogram cross-section images of
the bare GDL and the MnCo0204/NEGF-coated GDL, respectively. The tomography images in Figure
4.10d and 4.10e show the two distinct phases of OCF and GDF (marked with the dotted yellow lines) of
the GDL. On the other hand, in the case of the 3D CT image of the catalyst-coated GDL (Figure 4.10e),
the 3D microstructure formation of the layer of MnCo204/NEGF is clearly evident, and is demarcated
with the dotted yellow line. However, this type of porous 3D microstructure of the catalyst layer is not
evident in the 3D CT image recorded for the Pt/C + RuO- catalyst-coated GDL (Figure 4.10f).

Of course, the 3D porous morphology of the MnCo.04/NEGF layer in the electrode is beneficial for
improving the electrode-electrolyte interface formation. However, to realize this advantage significantly,

the porous layer also should retain the optimum intrinsic wettability of the electrocatalyst even after it
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Figure 4.12. The solid-state rechargeable zinc-air battery (ZAB) performance evaluation for the systems based
on MnCo,04/NEGF and Pt/C+RuOQ:; as the air-electrodes: (a) the comparative polarization plots; (b) comparative
impedance plots; (c) the comparative galvanostatic charge-discharge plots recorded at 10 mA cm2 displaying
the higher overpotental incurred by the system based on the Pt/C+RuO, air-electrode; (d) the focused view of
the galvanostatic charge-discharge cycling curves recorded at 10 mA cm between 8 to 10 h of the test, showing
the asymmetric nature of the charge discharge platue in the case of the ZAB based on the Pt/C+ RuO; standard
pair air-cathode compared to the perfect symmetric nature of the charge-discharge profiles traced with the system
based on the MnCo,0./NEGF air-electrode; (e) the assessment of the galvanostatic discharge capacity of the

fabricated ZABs performed at the various discharge current densities of 5, 10, 20, 30 mA cm™.

was subjected to the coating protocol during the electrode fabrication process. Interestingly, the
MnCo204/NEGF-coated surface of the GDL shows a water contact angle of 109.2° (Figure 4.11a),
compared to 157.9° recorded on the CA measured on the Pt/C + RuO2-coated surface of the GDL is 128.2°
(Figure 4.11b). From these results, it can be readily inferred that while an aqueous electrolyte can hardly
wet the bare GDL, the GDL based on the MnCo.04/NEGF coating possesses a balanced hydro-
philic/hydrophobic characteristic, which is expected to result in optimum wettability at the interface. In
terms of this advantage, coupled with the 3D interconnected porous nature of the catalyst texture, the
electrode based on MnCo204/NEGF catalyst layer has a distinct advantage over its counterpart system

based on the Pt/C + RuO:-coated electrode (Figure 4.11c).
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Table 4.2. The comparison of the performance of some of the previously reported solid-state ZAB systems
based on the non-precious metal-based electrocatalysts and the present system.

Electrocatalyst Electrolyte OCV (V) Power Stability References
density
(mW cm=)
C0304_x HoNPs@HPNCS PVA-KOH 1.46 94.1 50 cycles for18h @ 3 6
(SOlld) mA CII172
PVA-KOH 36h @ 2 mA
Co/CoO/NWC (Solid) 132 28 ome2 7
PVA-KOH 6h@1mA
CoN4/NG (Solid) - 28 cm 8
-2
PVA-KOH 30h@o0.7mA
MnOx-GCC (Solid) 1.42 18 om-a 9
PVA-KOH 16 h @ 1 mA
CoSx/Co-NC-800 (Solid) 134 - cm 10
-2
MnCo,0O,/NEGF PVA-KOH 1.31 202 51h This work
(Solid)

A full-featured demonstration of the prepared catalyst in a solid-state rechargeable ZAB device was
conducted by fabricating a device by employing MnCo.04/NEGF-coated GDL as the air-electrode, a zinc
powder-coated GDL as the anode, and PVVA socked with KOH as the electrolyte (Figure 4.1). A similar
device by employing Pt/C + RuO: standard pair catalyst-coated GDL as the air-electrode was also made
for the comparison purpose. The cell polarization plots presented in Figure 4.12a clearly demonstrate the
superiority of the system based on the homemade cathode in the entire I-V region traced during the study.
The ZABs based on MnCo0204/NEGF and Pt/C + RuO> cathodes display the OCV values of 1.31 and 1.20
V, respectively. The comparative steady-state cell polarization leads to the maximum power densities
(Pmax) Of 110 and 200 mW cm?, respectively, for these two systems. Here, the catalyst layer in the case
of the MnCo204/NEGF, with its 3D inter-connected porous structure and optimum wettability, is found
to be more accommodative for the KOH soaked PVA gel electrolyte. The previous discussions based on
the FESEM, CT Tomography, and water contact angle data provided adequate information towards these
advantageous structural and functional attributes of the in-house system. The advantage of
MnCo0204/NEGF to form a more process-friendly cathode is further reflected from the substantially
reduced charge transfer resistance (CTR) displayed by the cell compared to the one based on Pt/C + RuO>
standard pair cathode (Figure 4.12b).
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Furthermore, the galvanostatic charge/discharge curves recorded for the cells at 10 mA cm are shown in
Figure 4.12c. The observed difference between the charging and discharging voltages of the ZAB based
on MnCo204/NEGF during the initial process is 0.84 V, which is lower than (0.91 V) that observed in the
case of its counterpart system based on the Pt/C + RuO> standard pair. After 50 h of continuous charge-
discharge cycles, a nominal increase in the voltage difference by 0.10 V has been observed in the case
MnCo204/NEGF-based cell. However, in the case of the Pt/C + RuO»-based system, the voltage difference
is found to be increased to 0.15 V just after 15 h of the continuous charge-discharge cycles and the test
had to be terminated. Moreover, the magnified image of the charge-discharge profile in the 8 to 10 h
duration, presented in Figure 4.12d, reveals the symmetric nature of the charge-discharge plateau in the
case of the MnCo.04/NEGF cell. Contrary to this, the cell based on Pt/C+RuO; has asymmetric behavior
in its charge-discharge profile. This difference in the feature of the charge-discharge characteristics points
toward the better bifunctional activity at the air-cathode of the ZAB based on MnCo,04/NEGF.

In the case of the rechargeable metal-air batteries, the ORR process is more sensitive to the active triple-
phase interface during the discharge process compared to the OER process in the charging mode. To
unravel the advantages of MnCo.04/NEGF due to its structural and functional attributes towards ORR in
the battery configuration, the discharge curve at various current densities of 5, 10, 20, and 30 mA cm™2are
recorded for 1h and the comparative plots are presented in Figure 4.12e. It can be seen from the figure
that, under each step of the discharging process, the voltage drop incurred by the MnCo2.04/NEGF-based
system is much lower compared to the one based on Pt/C + RuO». The ZAB based on MnCo0,04/NEGF
has a relatively small voltage gap of 0.11, 0.12, 0.13, and 0.15 V at 5.0, 10.0, 20.0, and 30.0 mA cm 2
compared to 1.05, 0.14, 0.15, and 0.60 V, respectively, recorded under the same discharging conditions
for the counterpart system based on Pt/C+RuO>. This distinct advantage of the MnCo204/NEGF system
could be credited to the favorable morphology of the catalyst in terms of better oxygen gas transport and
efficient active interface formation. The presented results clearly demonstrate that these kinds of air-
electrodes with nano-engineered morphological and functional features have greater prospects of ensuring

better system-level performance under different current dragging conditions.

After the long cycle of the galvanostatic charge-discharge analysis, the catalysts and the air-electrode
interface structure were analyzed by FESEM. The FESEM images of MnCo.04/NEGF and
MnCo204/NEGF-coated ZAB air cathode interface are shown in Figure 4.13. Figure 4.13a displays the
3D structure of NEGF retained even after the long charge-discharge cycles. The magnified image

presented in Figure 4.13b clearly shows that the catalyst structure is more or less unaffected even after
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Figure 4.13. The FESEM images of the MnCo.04/NEGF air-cathode recorded after the continuous charge-
discharge cycles: (a) MnCo,04/NEGF displaying its 3D structure retained after the test; (b) the magnified image
clearly showing that the catalyst structure is more or less unaffected even after subjecting the system under the
corrosive environment of the testing conditions; (c) and (d) the cross-sectional images indicting the detachment

of a portion of the catalyst from the GDL surface after the long-term cycling.

subjecting the system to the corrosive environment of the testing conditions. The cross-sectional image
analysis of the ZAB air cathode (Figure 4.13c and 4.13d) shows that a portion of the catalyst gets detached
from the GDL surface after the long-term charge-discharge cycling. Still, the inherent porosity of the

conducting support is maintained nearly unaffected.
4.4. Conclusions:

A 3D structured electrode material, designated as MnCo,04/NEGF, consisting of the manganese-cobalt-
based bimetallic spinel oxide (MnCo.0a4)-supported nitrogen-doped entangled graphene (NEGF) has been
prepared as a versatile OER/ORR bifunctional electrocatalyst for rechargeable zinc-air battery (ZAB)
application. The features like the porous 3D architecture of the catalyst, balanced
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hydrophilic/hydrophobic characteristics and optimal ORR/OER activity are found to be favorably helping
the system as an air-cathode for the rechargeable ZAB application. The 3D structure of the catalyst greatly
helps the system for the mass transfer and active site accessibility in the electrode. At the same time, the
optimal hydrophilicity originated from the functional attributes of the support surface is found to be
playing a critical role in establishing the effective interface of the catalyst and the electrolyte. The study
reveals the existence of synergistic interactions operating between the MnCo204 nanoparticles and the N-
doped porous graphene substrate. This benefits the system in terms of its bifunctional characteristics to
perform as an effective electrocatalyst for facilitating both ORR and OER processes. In terms of the
activity of MnCo0204/NEGF towards these reactions, the overpotential values are found to be closely
comparable to the respective state-of-the-art systems (i.e., Pt/C for ORR and RuO. for OER). The
demonstration of a solid-state rechargeable ZAB device with MnCo2,04/NEGF as the air-electrode
delivered a maximum peak power density of 200 mW cm™2, with good stability during the charge-
discharge cycling process. In terms of the performance and charge-discharge cyclability, the system based
on the homemade catalyst is found to have a clear upper hand compared to a system consisting of the
state-of-the-art ORR/OER catalyst combination of Pt/C+RuO..
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Chapter-5
Microwave-Induced Microporous Graphene-Supported Pt;Co
Alloy Catalyst for ORR with better Process-Friendly Features

To improve the oxygen reduction reaction (ORR) performance in a PEMFC cathode with respect to the

mass activity and durability, a suitable electrocatalyst design strategy is essentially needed. Here, we have
prepared a sub-three nm-sized platinum (Pt)-cobalt (Co) alloy (PtsCo)-supported nitrogen-doped
microporous 3D graphene (PtsCo/pNEGF) by
using the polyol synthesis method. The supported
alloy nanoparticles with a specific composition of
Pt and Co (Pt3Co) showed improved ORR activity
compared to the Pt-supported pNEGF. A
microwave-assisted  synthesis method was
employed to prepare the catalyst based on the 3D
porous carbon support with a large pore volume
and dense  micro/mesoporous  surfaces.
Simultaneously, the doped nitrogen in the carbon
framework helps in achieving the uniform

distribution of the sub-nm-sized Pt3Co

nanoparticles over the nitrogen-doped porous

graphene. The ORR performance of Pts:Co/pNEGF closely matches with the state-of-the-art commercial
Pt/C catalyst in 0.1 M HCIO4, with a small overpotential of 10 mV. The 3D microporous structure of the
N-doped graphene significantly improves the mass transport of the reactant and thus the overall ORR
performance. As a result of the lower loading of Pt in Pts:Co/pNEGF as compared to Pt/C, the alloy catalyst
achieved 1.5 times higher mass activity than Pt/C. The presence of the N-doped graphitic carbon support
in Pt3Co/pNEGF offers significantly improved durability. After 10000 cycles, the difference in the
electrochemically active surface area (ECSA) and half-wave potential (E12) of PtsCo/pNEGF are found
to be 5 m? ger* (AECSA) and 24 mV (AE12), whereas for Pt/C, these values are 9 m? ger* and 32 mV,

respectively.

The content of this chapter is under publication.
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5.1. Introduction:

Efficient and durable catalysts are in continual exploration to reduce the electrochemical activation
overpotentials for ORR in the proton-exchange membrane fuel cell (PEMFC) cathode.! The Pt
nanoparticles supported on spherical-shaped carbon substrates are currently recognized as the most
effective electrocatalysts for ORR.? However, due to the high cost of Pt, drop in the electrochemical
surface area and the concerns associated with the overall catalytic performance over the long-term
operation, meeting the technical challenges with respect to the commercial deployment of PEMFCs has
become a challenge.* The restricted mass transport in the Pt-supported conventional carbon catalysts is
an important limitation that builds overpotential for ORR in PEMFCs.® These issues necessitate a strategic
design approach for developing a cost-effective and durable catalyst with inbuilt features for better
tackling the electrode processes.” These features mainly include provisions for dealing with the ORR mass
transport, water management, and effective “triple-phase boundary (TPB)” formation. The TPB is the
region where the gas (reactant), ions (electrolyte), and active sites (solid surface) are in seamless contact
with each other. Various methods have been implemented to improve the activity and durability of the
ORR catalysts.®

Last few decades of research efforts focused mostly on the Pt-based bimetallic alloys catalysts, in which
a portion of the Pt is partially replaced by the low-cost transition metals, such as Fe, Co, and Ni. Alloying
Pt with another non-noble transition metal reduces the Pt metal loading without affecting the ORR
activity. In addition, the presence of an early transition metal to Pt could alter the Pt-Pt interatomic
distance, resulting in a down-shift of the d-band center with a change in the electronic structures of the Pt
active sites.® Therefore, it introduces the Pt 5d band vacancy in an alloy structure of Pt.° The increased d-
band vacancy in the Pt atoms leads to the increased ability to accept the 2p electron donation from the O
resulting in improved Pt surface adsorption.’® As a result, the binding energy of the Pt-O bond becomes
stronger while the O-O bond becomes weaker.1° Therefore, the lattice re-construction in the alloy structure
provides preferable sites for oxygen adsorption, which significantly accelerates the ORR reaction
kinetics.!! Among the Pt alloy systems with various transition metals (Fe, Co, and Ni), Pt-Co has
previously been observed with higher ORR activity.'> Compared to the other compositions of the Pt-Co
alloy structures, the PtsCo stoichiometry is primarily suitable for ORR.'? The active site of Pt in the Pt3Co
alloys experiences a significant amount of ligand and strain effects, which are known to suppress the

adsorption energy of the O reduction intermediate species, resulting in increased ORR Kinetics.
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Moreover, the distribution of the controlled size and uniformity of the alloyed PtsCo nanoparticles over
conducting support would increase the overall ORR activity and durability under the operating
conditions.*? As noted earlier, the controlled particle size and distribution of a nano-alloy have advantages
in increasing the ECSA of the catalysts.!® Recently, the alloy structures with sub-nanometer particle sizes
are considered as high-performing ORR catalysts.* However, the introduction of the non-noble transition
metal atoms in the Pt alloys with sub-nanometer particle size has limitations as they can easily segregate
due to the charge effect resulting from the lattice mismatch. Therefore, incorporating suitable conducting
support with uniform nucleation sites for the alloy nanoparticle growth is considered as one of the finest

strategies to improve the ORR performance.®

In this context, most of the conducting carbon supports utilized to disperse the bimetallic Pt alloys are 1D
and 2D carbon-based materials. The morphological restriction of these carbon supports imparts poor mass
transport activity during the ORR process in acidic conditions.** In addition, these carbon support
experiences restacking issues, which significantly suppresses the ECSA of the electrocatalysts.’®
Incorporation of 3D porous conducting support materials, such as those based on 3D structured graphenes,
as the substrates for interlinking the ORR active catalytic centers is considered a promising approach.®
The porous structure of the self-assembled 3D supports helps in better distribution of the Pt-alloy particles,
reduces the ionomer coverage ratio, and lowers the local Oz transport resistance.® Aside from this, the
presence of the graphitic carbon support with homogenously doped-N creates metal anchoring sites and
improves the metal-support interaction. This helps for achieving better durability in the harsh
electrochemical conditions of the PEMFC operation. Furthermore, in the self-assembled 3D graphene
support, the pores are mostly distributed in the meso/macroporous region, which has less access to the
sub-nm-sized Pt-alloy particles.’® Therefore, the carbon support porosity within the range of
microporosity and mesoporosity has a significant impact on the distribution of the small-sized alloy
nanoparticle as well as on achieving efficient mass transfer. Various strategies were developed to create
the microporous carbon structures, and many of them involve energy-consuming processes.*’ Recently,
the microwave irradiation has been found to be very effective for the fast formation of the micropores in
the carbon substrate.*® The microwave irradiation results in uniform heat generation within a very short

time to reach a high temperature by selective energy transferring to the microwave-active polar substrates.

To best accommodate the aforementioned structural characteristics of the conducting support, in this

project, an ORR electrocatalyst based on N-doped porous 3D graphene-supported sub-3 nm PtzCo alloy
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catalyst (PtsCo/NEGF) has been developed. The doped-N in the graphene framework serves as the
nucleation-cum-anchoring sites for the PtsCo nanoparticles on the asymmetric graphene substrate.
Finally, the sub-nanometer-sized Pt alloy (PtsCo/pNEGF)-supported microporous electrocatalyst is found
to compete well with those of the state-of-the-art (Pt/C) catalyst due to its accessible active components
(PtsCo) and preferable mass transport channel support. With these aspects, PtsCo/pNEGF catalyst
outperforms the conventional catalyst in terms of the key performance indicators related to the ORR

activity.

5.2. Experimental Section:

5.2.1. Materials: Platinum acetylacetonate [Pt(acac)], cobalt acetylacetonate [Co(acac)s], graphite, and
potassium permanganate (KMnOs4) were procured from Sigma Aldrich. Phosphoric acid (H3POa),
sulphuric acid (H2SOa4), perchloric acid (HCIO4), and ammonium hydroxide (NHsOH) were acquired from

Thomas Baker. Without any further purification, all the chemicals were used as such.®

5.2.2. Synthesis of Graphene Oxide (GO): Graphene oxide (GO) was synthesized following the
Improved Hummer’s method. First, the graphite powder and KMnO4 were well mixed in a ratio of 1:6
with the help of a mortar and pestle. The obtained homogeneous solid mixture was slowly transformed
into the round bottle (RB) flask kept under the ice bath environment containing the HsPO4:H2SO4 (1:9)
solution mixture. The temperature of the reaction mixture was then increased to 60 °C and, under this
condition, the mixture was kept for stirring for 12 h. After the complete reaction, the resulting solution
was kept to cool at room temperature. The resultant viscous product was slowly poured into a beaker
containing 3% H202 mixed with ice-cold water. A yellowish solution was formed, which was rinsed with
distilled water several times and centrifuged at 10000 rpm for 10 min. After the centrifugation multiple
times, the obtained solid residue was mixed with 30 % HCI to dissolve any metal impurities, followed by
washing with water multiple times to minimize the acidic pH and also to remove any impurities present
in the final product. The finally obtained dark chocolate-colored highly viscous residue was rinsed with
ethanol followed by diethyl ether, and kept at 40 °C to produce the GO flakes.

5.2.3. Synthesis of Nitrogen-Doped Entangled Graphene (NEGF): To synthesize NEGF, 90 mg of GO
was added to 30 ml of aqueous ammonia solution (30 % v/v) with the help of water-bath sonication
followed by 12 h constant stirring. The obtained GO suspension was transformed into a Teflon-lined
autoclave and kept for solvothermal treatment at 180 °C for 12 h followed by naturally cooling down to
room temperature. The autoclave was opened and the obtained product was washed with DI water for 5-
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6 times to discard any unreacted ammonia present; the residue was freeze-dried at -52 °C under high
vacuum conditions. The applied vacuum slowly removes the water content in the system; thus formed

solid residue is named as N-doped entangled graphene framework (NEGF).

5.2.4. Synthesis of Nitrogen-Doped Porous Entangled Graphene (pNEGF): To synthesize pNEGF,
the as-synthesized NEGF powder was microwave (600 W) treated for 3 min. with 6 cycles of 30 sec. ON
and 2 min. OFF. The obtained product possesses a different texture from the NEGF and has been named
as pNEGF.

5.2.5. Synthesis of PtsCo Supported N-doped Entangled 3D Graphene (PtsCo/pNEGF): For the
synthesis of PtsCo/NEGF, pNEGF was dispersed in ethylene glycol and kept the mixture for stirring at
room temperature (30 °C) for 12 h. After the complete dispersion of pNEGF, the solution becomes a
black-colored suspension. The acetate salts of Pt and Co, i.e., Pt(acac)..4H>0 and Co(acac)2.4H-0, in
(3:1) ratio were added in the above suspension and kept in the mixture for constant stirring for another 12
h. After the complete mixing of the metal ions over pNEGF, the reaction temperature was raised to 180
°C and kept under reflux for 10 h. Subsequently, the residue was filtered out and dried at 60 °C in the oven
for 12 h. The black-colored flaky structure of the material obtained after the drying is named as
PtsCo/pNEGF. For the comparison purpose, Pt/pNEGF has also been prepared as a control sample by
following the same method but without adding Co to the reaction mixture. Also, to check the contributions
of only the mesoporous support system, Pts3Co/NEGF was synthesized using the same method as used for
PtsCo/pNEGF by replacing pNEGF with NEGF as the support.

5.2.6. Physical Characterization: The microstructure of the catalysts was investigated with the help of
FESEM and X-ray tomography. The FESEM analyses were carried out by the FEI Nova Nano SEM 450
FESEM microscope. The samples for FESEM were prepared by the thin coating of the isopropyl alcohol
(IPA) dispersed sample (5 mg of the sample in 5 mg IPA) on a silicon wafer. Furthermore, the samples
were dried for 1 h under an IR lamp to remove IPA. The 3D carbon structures of the prepared catalysts
were imaged by X-ray microtomography (Xradia 510 Versa X-ray Microscope, Zeiss, Pleasanton, CA,
USA) to study their porous structure and morphology. The samples were filled into the sample holder and
kept in between the detector and X-ray source. To generate the volume-rendered 3D images of the
samples, the image processing software Dragonfly Pro (Version 3.6) was used.? The HRTEM images
were recorded using a JEOL JEM F-200 HRTEM instrument with a point-to-point resolution of 0.19 nm.
The samples for HRTEM were prepared by drop coating the well-dispersed sample in isopropyl alcohol
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(1.0 mg of the sample in 5 mL solvent) on a carbon-coated 200 mesh copper grid. The sample-coated
TEM and HRTEM grid were dried for 1 h under an IR lamp. To check the crystal structure of the as-
synthesized samples, powder X-ray diffraction (PXRD) analysis was done. The XRD investigation was
carried out on a Rigaku Smart Lab diffractometer with Cu Ka radiation (A = 1.5406 A) in the 20 range of
10 to 80° with a scan rate of 5° minL. The nitrogen (N2) adsorption-desorption isotherm experiments were
performed on a Quantachrome-Quadrasorb automatic volumetric instrument to analyze the surface area
and pore volume of the samples. The XPS measurement was performed using a fully integrated,
monochromatic small spot XPS system. It is specified with an X-ray monochromator source by the 180°
double-focusing hemispherical analyzer-128-channel detector and micro-focused Al Ko.. Raman spectral
interpretation was carried out using a 632 nm green laser (NRS 1500W) on an HR 800 RAMAN
spectrometer. The thermal stability of the carbon support and the loading of the active component over
the carbon were measured using an SDT Q600 DSC-TDA thermo-gravimetric (TG) instrument at room

temperature to 900 °C at a constant heating rate of 10 °C min™* under an oxygen atmosphere.

5.2.7. Rotating Disk Electrode Study (RDE): The electrochemical experiments were performed with
the help of the hydrodynamic technique method such as a rotating disc electrode (RDE) made of glassy
carbon (0.196 cm?) connected with a Pine Instrument for the rotation of the electrodes. A three-electrode
electrochemical cell was used for the electrochemical measurements with the catalyst-coated glassy
carbon as the working electrode, a graphite rod (Alfa Aesar, 99.99%), and Hg/HgSOs as the counter and
reference electrodes, respectively. The electrochemical cell was connected with an SP-300 model
BioLogic potentiostat. The working electrode was polished with 0.3 pm alumina slurry and washed with
Dl-water, followed by the final cleaning with DI-water and acetone. Subsequently, 10 uL of the catalyst
slurry was drop-casted on the surface of the working electrode, which was then dried under an IR-lamp
for 1 h. The electrochemical ORR performance was measured in an aqueous solution of 0.1 M HCIOa..
All the experimental electrode potentials obtained using the Ag/AgCl reference electrode were converted
into the reversible hydrogen electrode (RHE) through a calibration experiment, which was previously

done in our lab.

5.2.8. Rotating Ring-Disk Electrode Study (RRDE): For the RRDE analysis, the catalyst-coated disc
electrode was scanned at a scan rate of 10 mV s™ by maintaining the electrode at a rotation rate 0f1600
RPM. The potential of the electrode was kept fixed at 0.40 V vs. Ag/AgCI. A KsFe(CN)s solution was

used to evaluate the H20; collection efficiency (N) at the ring electrode, which was 0.37.% The calculation
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of H2.02 % and the number of electron transfer (n) during ORR was carried out by following the equations
below:
% peroxide = (200xIr*N)/(Ip+1r/N)
n = 4xIp/(Ip + Ir/N)
where,
N = H20:> collection efficiency of the ring electrode
Io = Faradaic current at the disk electrode

Ir = Faradaic current at the ring electrode

All the experiments were carried out at room temperature.

5.2.9. The Ag/AgCl reference electrode calibration and conversion to RHE:

The Ag/AgCI electrode was calibrated by using using a conventional 3-electrode system employing an
RDE electrode as the working electrode (WE), a graphite rod as the counter electrode (CE), and as the
reference electrode (RE). The Ag/AgCl was used under an Hp-saturated 0.1 M HCIOs electrolyte
solution.* Hence, for the conversion of the voltage recorded with respect to Ag/AgCI to the RHE scale,

the following equation is used:

E(RHE) = E (AQ/AGCI) + 0.3V ..ot 1

5.3. Results and Discussion:

Figure 5.1 illustrates schematically the synthesis procedure of the PtsCo/pNEGF catalyst. The N-doped
microporous graphene (pNEGF) was synthesized by microwave irradiation of NEGF. The microwave
irradiation of NEGF in the air atmosphere involves quick oxidation of the carbon to CO, with concomitant
oxidation of some of the doped nitrogen to NOx. These processes create nanopores in the NEGF
framework. The generated pPNEGF was employed as a support for the growth of the PtsCo nanoparticles.
The presence of the fine porosity and uniformly doped nitrogen in the microwave-induced 3D graphene
helps the homogeneous dispersion of the positively charged metal ions through electrostatic interactions
during the mixing process. During the polyol synthesis process at 160 °C, the Pt and Co ions nucleate on
the doped-N and the defective carbon centers mainly at the pore openings, resulting in the uniform growth
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Figure 5.1. A schematic representation illustrating the synthesis of the nitrogen-doped 3D entangled graphene
(NEGF) followed by the microwave-assisted synthesis of nitrogen-doped 3D porous graphene (pNEGF) and
subsequently the PtsCo-dispersed catalyst, PtsCo/pNEGF, by the polyol method.

of the small-sized and spherically shaped alloy (PtsCo) nanoparticles over the surface of pNEGF
(designated as PtsCo/pNEGF). The pNEGF with its well-defined structure, porosity, and composition
served as an active substrate, which induces favorable electronic structural modulations of the sub-
nanometer-sized Pt3Co particles. In addition, the 3D porous architectures of the conducting support
(PNEGF) in the catalyst offer an open and exposed morphology that provides high surface area and

accessible porous architecture to the catalytic sites.

5.3.1. FESEM Analysis:

The morphological analysis of NEGF, pNEGF, and Pt3Co/pNEGF has been performed by field emission
scanning electron microscopy (FESEM). Figure 5.2a shows a 3D self-assembly structure of NEGF,
formed by the interconnected sheet of the graphene during the hydrothermal treatment of GO followed
by the freeze-drying. The freeze-drying method played an important role in establishing the 3D structure
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Figure 5.2. (a) The FESEM image of NEGF, demonstrating the 3D porous self-assembly architecture of the
graphene sheets; (b) and (c) the FESEM images of the microwave-assistant synthesis of pNEGF, representing
the exfoliated 3D porous architecture of the graphene sheets; (d) the FESEM image of Pt:Co/pNEGF, displaying
the porous structure of the catalyst originated by the exfoliated and interconnected morphology of the pNEGF

substrate.

of NEGF. After the microwave irradiation of NEGF, the morphological image presented in Figures 5.2b,
and c shows the exfoliated structure of the nitrogen-doped 3D graphene (pNEGF). The generated
exfoliated structure formed by microwave treatment and the modified texture of the pNEGF is expected
to improve the mass transport properties as compared to NEGF. The incorporation of Pt3Co over pNEGF
was performed through the polyol method, which resulted in PtsCo/pNEGF and retaining the same

structural alignment as the bare pNEGF with its porous architecture, as shown in Figure 5.3d.

5.3.2. Micro-Computed Tomography Analysis:
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Figure 5.3. (a) The tomography image of GO represents the randomly distributed and stacked structure of the
graphene sheets; (b) the tomography image of NEGF reveals the self-assembly porous structure of the graphene;
(c) the 3D micro-CT image of pNEGF, displaying the existence of the well-defined porous architecture of
pNEGF, after the microwave heat treatment; (d) the 3D micro-CT image of Pt;Co/pNEGF, displaying the
existence of the well-defined porous architecture of the 3D pNEGF.

The X-ray micro-CT imaging was performed to understand the 3D microstructural details of the substrate
and the final electrocatalyst. The volume-rendered 3D micro-computed tomography (CT) images are
presented in Figure 5.3. The micro-CT images displayed in Figure 5.3a clearly show the stacked structure
of the randomly distributed GO sheets. Figure 5.3b represents the image of NEGF synthesized by the
hydrothermal treatment followed by the freeze-drying process, which clearly reveals the presence of the
well-defined porous architecture of the self-assembled graphene. The microwave irradiated NEGF shows
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Figure 5.4. (a) HRTEM image of PtsCo/pNEGF, displaying the uniform distribution of PtsCo over 3D pNEGF
(inset of (a) representing the size distribution histogram of the PtsCo nanoparticles); (b) and (c) the magnified
HRTEM images of Pt;Co/pNEGF recorded at the surface and edge (inset of (c) representing the d-spacing for
the PtsCo crystal structure); (d) the 3D structure of the graphene displaying the uniform dispersion of the Pt;Co
nanoparticles (the inset image in (c) clearly displays the d-spacing for PtsCo along with its crystalline nature; the
HRTEM image of PtsCo/pNEGF (d), and the corresponding elemental mapping of C (e), N (f), O (g), Pt (h), N
and Co (i) done on Pt;Co/3D pNEGF.

the retention of a similar porous structure as shown in Figure 5.3c. Figure 5.3d shows the similar

observed structural features after incorporating PtsCo over pNEGF.
5.3.3. HRTEM Analyses:

A more insightful information on the nature of the distribution profile of PtsCo on pNEGF has been gained
with the help of the high-resolution transmission electron microscopy (HR-TEM). The image presented
in Figure 5.4a shows the fine distribution of the PtsCo nanoparticles on pNEGF. The inset image
presented in Figure 5.4a represents the size distribution histogram of the PtzCo nanoparticles, indicating
the dominant size distribution in the range of 2-3 nm. The controlled size distribution of the PtsCo
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nanoparticles without agglomeration shows the advantage of the developed synthesis strategy. The
magnified images shown in Figures 5.4b (on the surface) and c (along the edge) of the 3D graphene
substantiate the previous observation that the PtsCo nanoparticles are uniformly distributed throughout
the substrate, including its surface and the edges. These results highlight that the microwave irradiation
of NEGF plays an effective role in creating the uniform nucleation sites on the substrate, leading to the
controlled dispersion and distribution of the PtsCo nanoparticles within a size range predominantly of 2
to 3 nm. This controlled distribution of the PtsCo nanoparticles over the surface and the edge of the
graphene mediated by the defect sites and the doped sites of the heteroatom (N) is an important structural
benefit to the system as this can reduce the chances of self-agglomeration of the nanoparticles under the
triggered conditions of the electrochemical environments.® In addition, the fine distribution of the active
sites at the edges of the graphene layers of its 3D framework is expected to provide better reactant
accessibility due to their relatively exposed nature in the catalyst framework.2® The inset image in Figure
5.4c¢ shows that the lattice fringe widths (d-spacing) of the PtsCo nanocrystal are 0.21 and 0.20 nm, which
are attributed to the (111) and (200) facets, respectively, implying the formation of the fcc structure of the
PtsCo crystal.®” Figure 5.4d displays the HRTEM image of PtsCo/pNEGF, and the corresponding
elemental mapping data for the respective elements are presented in Figure 5.4e-i. The elemental mapping
images show the presence and distribution of Pt, Co, O, C, and N, corresponding to the selected
composition of the catalyst. Additionally, the PtsCo stoichiometric composition is evidenced by the
existence of Pt and Co together in the same position, as well as the observed close triple intensity of the

Pt with respect to Co.
5.3.4. Surface Area and Pore Size Analyses:

The comparative pore size distribution profiles of NEGF, pNEGF, and PtzCo/pNEGF shown in Figure
5.5a suggest that the porosity for NEGF is mostly distributed in the region of 2-20 nm, indicating the
presence of mesoporosity. However, after the microwave irradiation over NEGF, the transformed pNEGF
shows the distribution of the pores in the range of 0-20 nm, which is ascribed to the micro-mesoporous
nature of the material. Similarly, after the decoration of the 2-3 nm-sized Pt3Co nanoparticles
(PtsCo/pNEGF), a more or less similar porosity distribution profile (0-20 nm) is observed for the sample
in Figure 5.5a. The retention of the porosity after the PtsCo dispersion is reflected in the BET surface
area as well and these observations are in well-agreement with the tomography porosity distribution
analysis data. The surface areas of NEGF and pNEGF are found to be 550 and 680 m? g%, respectively.

The higher surface area of pNEGF is ascribed to the increased contribution of the micropores present in
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Figure 5.5. () The comparative pore size distribution profiles of NEGF, pNEGF, and Pt;Co/pNEGF, indicating
the mesoporous nature of NEGF and the presence of micro- and mesoporous regions for pNEGF (2-20 nm) and
Pt;Co/pNEGF (0 to 20 nm); (b) comparative BET adsorption isotherms for NEGF and pNEGF; (c) comparative
Raman spectra recorded for NEGF, pNEGF, and Pt;Co/pNEGF; (d) the XRD profiles recorded for NEGF,
pNEGF, Pt/pNEGF, PtCo/pNEGF, and Pt;Co/pNEGF.

the system. Both the systems (NEGF and pNEGF) displayed Type-1V isotherms (Figure 5.5b).
Interestingly, Figure 5.5b reveals the higher N2 uptake capacity of pNEGF compared to NEGF, which
supports the presence of extra porosity in the system. The higher surface area of pPNEGF, combined with
its significant porous structure, is a distinguishing benefit of the system as an electrocatalyst, allowing for
effective utilization of the active sites by establishing better active triple-phase-boundary (TPB) during

the electrochemical ORR process.

5.3.5. Raman Analysis:
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The Raman spectroscopic investigation has been performed to understand the extent of the graphitic and
defective nature in the porous carbon systems. The intensity of the defective and graphitic peak (Ip/lg)
ratio points toward the extent of the defects created or present in the carbon systems. Figure 5.5¢ shows
the comparative Raman spectra of NEGF, pNEGF, and PtsCo/pNEGF. The peaks that appeared at 1350
and 1590 cm™ are credited to the G and D bands, respectively.?’ In the case of NEGF and pNEGF, the
measured Ip/lg ratios are 1.25, and 1.32, respectively. The increased Ip/lc value reported for pNEGF
points toward the creation of new defect sites during the microwave irritation. During the microwave heat
treatment, some of the carbon and nitrogen species are oxidized to CO», and NOx respectively, and create
additional porosity in NEGF which is evidenced as defects in the Raman spectrum. After incorporating
PtsCo over pNEGF, the Ip/lc ratio becomes 1.33, which is almost comparable to its counterpart pNEGF.
A small change in the Ip/lg ratio for PtsCo/pNEGF is expected to be due to the lattice stress created during

the growth of the metal alloy particles over the N-doped graphene during the polyol method at 180 °C.*!
5.3.6. XRD Analysis:

The comparative X-ray diffraction (XRD) profiles of NEGF, pNEGF, Pt/pNEGF, PtCo/pNEGF, and
PtsCo/pNEGF are shown in Figure 5.5d. The XRD spectrum of NEGF displays broad diffraction peaks
at the 20 values of 26 and 43°, which are attributed to the (002) and (100) graphitic diffraction planes,
respectively.®® Similar peak features are observed in the case of the microwave irradiated sample, i.e.
pNEGF, with a more broad appearance and negative shift in the 20 value. The shift in the 26 value is
ascribed to the change in the d-spacing created by the microwave exfoliation of the graphene sheets. The
XRD profile of Pt/pNEGF displays three diffraction peaks at the 20 values of 39.76°, 46.24°, and 67.45°,
corresponding to the (111), (200), and (220) planes of the Pt metal with an fcc structure. However, with
the Co incorporation into Pt, the resulting PtCo/pNEGF and PtsCo/pNEGF show a shift in the positions
of the (111) and (200) peaks.*® 4’ The observed XRD peak shift for PtCo/pNEGF and PtsCo/pNEGF
(39.8°) is due to the contraction of the Pt lattice after the alloy formation.*® Moreover, the alloy structure
has been confirmed with the standard JCPDS cards of the Pt3Co alloy phase (JSPDS No: 29-0499).*! The
formation of the alloy structure with a significant change in the 20 value alters the fcc crystal structure

and the binding energy with oxygen as an intermediate species during the ORR process.

5.3.7. XPS Analysis:
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Figure 5.6. (a) The XPS survey spectra of NEGF, pNEGF, Pt/pNEGF, and Pt;Co/pNEGF; (b) the comparative
Pt 4f XPS spectra of Pt/pEGF and Pt/pNEGF, revealing the peak shift after the incorporation of N into the porus
graphene support system; (c) the comparative Pt 4f spectra of Pt/pNEGF, and Pt;Co/pNEGF, suggesting the
binding energy shift after the Co incorporating into the Pt; (d) the deconvoluted Co 2p spectra of Pt;Co/pNEGF
revealing the presence of Co in +2 and +3 oxidation states.

The X-ray photoelectron spectral (XPS) analysis has been performed to analyze the elements and the
chemical nature of the prepared catalysts; the corresponding data are presented in Figure 5.6. The
comparative XPS survey scan spectra of NEGF, pNEGF, Pt/pEGF (entangled graphene framework,
without nitrogen-doped), Pt/pNEGF, PtCo/pNEGF, and PtsCo/pNEGF are presented in Figure 5.6a,
confirm the presence of Pt, Co, O, N, and C in the respective materials. The survey scan spectrum of
PNEGF obtained through the microwave irradiation shows that the peak intensity of N 1s and O 1s has

been suppressed as compared to NEGF. The comparative Pt 4f XPS peaks for the nitrogen-doped and

without nitrogen-doped porous graphene supported Pt system are shown in Figure 5.6b. Figure 5.6b
displays two doublet peaks of Pt 4f 7 and Pt 4f s> for the Pt 4f spectrum at 72.6 and 74.3 eV for Pt/pEGF
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Figure 5.7. The TGA profiles recorded for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C.

and at 72.4 and 74.1 eV for Pt/pNEGF. The observed Pt 4f peak shift for Pt/pNEGF towards the negative
value compared to Pt/pEGF points towards the role of the doped-N towards the anchoring of the Pt;Co
resulting from the electronic interaction between them. The shift in the binding energy value is ascribed
to the charge transfer from the nitrogen to platinum, which improves the interaction between Pt3Co and
the doped-N of pNEGF. !SFurthermore, the deconvoluted spectra of Pt3Co/pNGr suggest the two spin-
orbit split doublets of Pt 4f7/2 and 4f 5/2 present in the zero-valent metallic state, which produces the two
main peaks with binding energies of 71.12 and 74.58 eV, respectively. The peaks at 72.16 and 75.55 eV
reveal the existence of Pt in the +2 oxidation state.!®** The binding energy comparison (Figure 5.6¢) of
the Pt 4f peaks ensures the positive shift in the B.E of Pt3Co/pNEGF compared to Pt/NEGF due to the
charge transfer from Pt to Co.*® This shift in B.E after the Co incorporation into the Pt lattice structure
supports the formation of the bimetallic (Pt3Co) alloy structure. Investigation of the Co 2p deconvoluted
spectra shown in Figure 5.6d evidenced the two spin-spin coupling peaks at the B.E. of 784.2 and 795.5
eV, for Co 2p3,2 and 783.5 and 796.5 eV for Co 2p12.>* This confirms the existence of Co in +2 and +3
oxidation states in the system. The higher oxidation state of Co in Pt3Co/pNEGF supports the previous

finding of the charge transfer from the Pt to the Co metal.?®

5.3.7. TGA Analysis:
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Figure 5.8. (a)-(b) The comparative CV profiles recorded for Pt;Co/pNEGF, and Pt/C in O, and N, saturated
0.1 M HCIO4 solution at 900 rpm of the WE; (c) the comparative LSV profiles recorded for Pt/pNEGF,
PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF and Pt/C towards ORR in O saturated 0.1 M HCIO, at 1600 rpm of
the WE; (d) the bar chart comparing the mass activities as extracted from the limiting current density of the LSV
profile for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C; (e) the comparison of the Tafel
slopes extracted from the LSV profiles recorded by the systems towards ORR; (f) the amount of H,O, formed
(%) and the corresponding electron transfer number (n-value) calculated for Pt/pNEGF, PtCo/pNEGF,
Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C.

The weight % of the loaded metal catalytic active centers over the carbon has been determined by the
thermogravimetric analysis (TGA). Figure 5.7, shows the comparative TGA weight loss profile for
Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C. After the complete oxidation of the
carbon and nitrogen from the N-doped carbon support (pNEGF) in the system (Pt;Co/NEGF), the residue

content is found to be ~40 wt. % for all the catalyst systems.
5.3.8. Electrochemical Analysis:

The ORR performance of the synthesized catalysts has been probed with the help of a set of
electrochemical techniques. A three-electrode electrochemical cell, with the catalyst slurry-coated glassy
carbon electrode (GCE) as a working electrode (WE), graphite rod, and Ag/AgCl as the counter electrode

(CE) and reference electrode (RE), respectively, was employed for performing the single-electrode
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studies. The recorded potential against Ag/AgCl was converted to the RHE scale with the conventional
method. The electrochemical ORR performance of all the prepared and the state-of-the-art catalysts has
been evaluated by rotating disk electrode (RDE) studies in 0.1 M HCIlOj4 solution. Figures 5.8a and b
show the cyclic voltammograms recorded for Pt3Co/pNEGF and Pt/C, respectively, in the N2 and O»
saturated atmosphere. A similar redox peak feature has been observed in both the cases. The redox peaks
that appeared between the potential ranges of 0.0 to 0.20 V correspond to the hydrogen adsorption and
desorption happening at the Pt surface. The ECSA was calculated in the hydrogen adsorption and
desorption region from the N> saturated CVs of the samples. PtsCo/pNEGF and Pt/C show the ECSA

value of 52, and 69 m? gPt™, respectively.

The intrinsic ORR activity characteristics of the catalysts have been investigated by recording the LSV
profiles in N2/O, saturated 0.1 M HCIO4 at the voltage scan rate of 10 mV sec by maintaining the
working electrode rotation at 1600 RPM. The comparative linear sweep voltammograms presented in
Figure 5.8c show a significantly improved onset potential (0.93 V) for PtsCo/pNEGF compared to the
other control samples, i.e., Pt/pNEGF (0.88 V), PtCo/pNEGF (0.89), and PtsCo/NEGF (0.90 V). The
onset potential for PtsCo/pNEGF is comparable to that of Pt/C (0.94 V) and higher than that of Pt/pNEGF
(0.89 V), signifying the importance of the bimetallic alloy of Pt and Co. Furthermore, a higher onset
potential for PtsCo/pNEGF as compared to PtCo/pNEGF suggests the importance of maintaining the
stoichiometric composition of the catalysts with distinct alloy phases. A well-defined stoichiometry of Pt
and Co is creating strain in the Pt3Co lattice structure during the alloy phase formation with a concomitant
electronic modulation favoring the surface oxygen and intermediate adsorption energy during the ORR
process. In addition, the half-wave (E12) potential for the catalysts has been calculated for all the catalysts
from the respective LSV profiles. The observed Ei, values for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF,
Pt3:Co/pNEGF, and Pt/C are 0.71, 0.73, 0.76, 0.77 and 0.81 V, respectively. The significantly improved
E12 value for Pt:Co/pNEGF compared to Pt;Co/NEGF is expected to be originated from the structural
advantage of having the better porous texture of the microwave irradiated substrate in the case of

Pt;Co/pNEGF.

The comparative mass activity plot presented in Figure 5.8d shows that Pt;Co/pNEGF has 1.5 times
higher mass activity compared to 40% Pt/C, based on the quantification made at 0.60 V. This higher mass
activity of Pt3Co/pNEGF suggests the better synergistic interaction between Pt3Co and the N-doped
microporous 3D support. Further insight into the ORR kinetics has been achieved from the Tafel slope

data presented in Figure 5.8e. The measured Tafel slope values of the catalysts follow the order:
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Figure 5.9. (@) - (b) The comparative CV profiles recorded for NEGF and pNEGF in O; and N, saturated 0.1 M
HCIO4 at 900 rpm of the WE; (c) the comparative LSV profiles recorded for NEGF and pNEGF in O; saturated
0.1 M HCIO4 at 1600 rpm of the WE.

Pt/pNEGF (72 mV dec?) > PtCo/pNEGF (68 mV dec?) > PtsCo/NEGF (67 mV dec™) > PtsCo/pNEGF
(64 mV dec?) > Pt/C (62 mV dec™). The lower Tafel slope values for Pt;Co/pNEGF as compared to
Pt/pNEGF and PtCo/pNEGF suggest better feasibility of ORR on this system. The observed trend of the
Tafel slope also suggests the role played by the Co incorporation into the Pt lattices by enabling the

catalyst to perform more effectively towards the ORR process.

To know the mechanism of the electrochemical ORR process, RRDE analysis was performed in 0.1 M
HCI10O4. The obtained H,O> % generated during the ORR cycle was investigated and quantified as shown
in Figure 5.8f. The recorded amount of H>O> during the catalytic ORR process is found to be less than
4% for Pt3Co/pNEGF, which is comparable to that recorded on Pt/C (~2 %). The result reveals that, like
Pt/C, Pt3Co/pNEGF also promotes the direct 4e- transfer process for the reduction of oxygen. The amount
of H2O; calculated for Pt;Co/NEGF is 6 %, which is slightly higher than that of Pt;Co/pNEGF. Further,

the number of electrons involved (n-value) in the reduction process has also been estimated, and the values
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Figure-5.10. The comparative CV profiles recorded for Pt;Co/pNEGF (a), and Pt/C (b) towards ORR in O;
saturated 0.1 M HCIO4 at 1600 rpm of the WE before and after the 10000 cycles; the comparative LSV profiles
recorded for PtsCo/NEGF (c), and Pt/C (d) towards ORR in O, saturated 0.1 M HCIO, recorded before after the
10000 CV cycles.

are as PtCo/pNEGF (3.8), Pt:Co/pNEGF (3.9), and Pt/C (4.0). The lower percentage of H>O, as well as
the n-value close to 4 for Pt3Co/pNEGF, suggest that the system is fairly free from the parasitic 2-electron
reduction process, which was expected to be a possible process due to the presence of the Co and N-doped

carbon in the catalyst composition.

The comparative CV profiles presented in Figures 5.9a, and b, show the improved limiting current
density of pNEGF after the microwave treatment of NEGF. The higher percentage of the microporosity
helps for more charge accumulation on the porous substrate than the NEGF having only mesoporosity.

Similar behavior is observed in the comparative LSV performance measurement in Figure 5.9c.

AcSIR | CSIR-NCL | Narugopal Manna Page 157



Chapter-5

(2)Pt Co/pNEGF

20.1m

Figure 5.11. The HRTEM images of the Pts:Co/pNEGF recorded before (a) and after (b) the 10000 CV cycles
show that the particle distribution is unaffected after the test; the HRTEM images of Pt/C before (c) and after
(d) the cycling test, displaying the Pt particle aggregation at some locations subsequent to the test.

The electrochemical accelerated durability test (ADT) of the catalyst has been performed by recording
10000 cycles under oxygen saturated 0.1 M HCIO4 at a scan rate of 100 mVs™? in the potential range of
0.80 and 1.2 V with respect to RHE. After the durability cycling, the CV and LSV were recorded on
PtsCo/pNEGF and Pt/C) and compared the status with respect to the corresponding initial cycles as shown
in Figure 5.10a and b, respectively. The CV profiles recorded before and after the 10000 cycles (Figure
5.10a) for PtsCo/pNEGF show nearly similar peak features of the hydrogen adsorption and desorption.
After the 10000 cycles, the ECSA change for PtsCo/pNGr (AECSA =5 m? get.1) is lower than the value
obtained for Pt/C (AECSA = 9 m? gPt?) (Figure 5.10b). Furthermore, the LSVs recorded before and
after the CV cycling showed a negative shift in the E12 value with a drop of 24 mV for PtsCo/pNEGF
(Figure 5.10c). The observed change in E1/» value for Pts3Co/pNEGF is lower than that of Pt/C (32 mV)
(Figure 5.10d) recorded under the identical conditions. This indicates the better stability of the homemade
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catalyst under the operating conditions and is attributed to the less corrosive nature of the graphitic carbon
support. Furthermore, the strong interaction between the doped-N and PtsCo nanoparticles is also

expected to be playing a major role in enhancing the electrochemical stability of the catalyst.

After the long cycle of the accelerated durability test (ADT) analysis, the structure of the catalyst was
analyzed by HRETM and compared with pre-cycled samples. The HRTEM images of Pt3Co/pNEGF and
Pt/C recorded before and after ADT are shown in Figure 5.11. Figures 5.11a and b, display respectively
the HRTEM images of Pt;3Co/pNEGEF taken before and after ADT. Apparently, the triggered condition
did not make any visual changes in the nature of dispersion of the Pt3Co nanoparticles and the overall
morphology of the catalyst system. The result thus validates the promising structural endurance possessed
by the catalyst. On the other hand, the HRTEM images of Pt/C recorded before and after cycling test,

Figure 5.11c¢, and d, respectively, show indications of Pt particle aggregation.
5.4. Conclusion:

A unique 3D structured ORR electrocatalyst based on the nitrogen-doped porous graphene-supported
PtsCo nanoparticles (PtsCo/pNEGF) could be prepared by employing a sequential preparation process
involving freeze drying, microwave treatment, and polyol reduction. The introduction of the
microporosity into the 3D micro-mesoporous conducting support system has great advantages over those
carbons which display only mesoporosity. It is found that the surface adsorption properties of the Pt are
getting considerably modified by the stoichiometric addition of Co into the system. Furthermore, a well-
suited stoichiometric composition of Pt and Co (i.e. PtsCo in the present case) along with the controlled
interplay of the other contributing factors such as the doped nitrogen, microporosity, and 3D architecture
of the catalyst unit are favorably modulating the catalyst towards the oxygen adsorption and subsequently
the ORR performance. The 3D structure of the support favors mass transfer and effective formation of
the active “triple-phase boundary” and, as a result, Pts3Co/pNEGF shows an ORR activity that is nearly
comparable to that of the state-of-the-art (Pt/C) catalyst. The synergistic interactions operating in the
system between the PtsCo nanoparticles and the N-doped porous graphene are primarily responsible for
the higher catalytic activity and durability displayed by PtsCo/pNEGF. The presence of the microporosity
in the carbon system enhances the available reaction sites for the gas and electrolyte interface formation
and contributes significantly to improving the mass activity of the catalyst. PtsCo/pNEGF also displays

high structural endurance and corrosion resistance and the dispersion characteristics of the Pt3Co
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nanoparticles and the textural features of the catalyst are found to be unaffected even after the system was

subjected to the electrochemical potential cycling stability tests that lasted for 10 K cycles.
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Summary & Future Perspectives

6.1. Summary:

This chapter summarizes the outcomes of the research works discussed in the preceding chapters based on the
strategies adopted for designing the various electrocatalysts by using the 3D graphene support for both oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) applications. The working principles of the
electrochemical energy devices such as water electrolyzers, polymer electrolyte membrane fuel cells (PEMFCs),
and rechargeable metal-air batteries (RZABs) along with their advantages and system-level limitations are
discussed in the introductory chapter (Chapter 1). To overcome the existing limitations related to the oxygen
electrokinetics in the electrochemical energy devices such as water electrolyzer (OER), PEMFCs (ORR), and
RZAB (ORR and OER), more cost-effective and durable catalysts are required. Therefore, strategic modulation
of the required active sites and structural fine-tuning of the catalyst morphologies and functionalities are necessary
to effectively overcome many of these existing challenges. The size, shape, and compositional tuning of the active
centers are promising ways to improve the catalyst performance. In addition, the support morphology plays an
important role in effectively meeting the various critical activity deciding factors such as mass transport and active
site accessibility. Apart from the morphology, the selected support should have electronic conductivity for better
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electron transport, structural rigidity, and corrosion resistance for enabling the system to withstand harsh
electrochemical conditions. Along with these, considering the cost as well as performance deciding factors, the
development of low-Pt, and Pt-free electrocatalysts for ORR and OER applications is also becoming an important
thrust area. Moreover, compared to the conventional 1D and 2D structured support materials, the less explored
3D structured supports have the unique advantages of providing better accessible actives sites, which results in
improved electrocatalytic performance.

In the context of the abovementioned technical challenges, a focused effort has been made, as detailed in the
various working chapters of this thesis, to develop a series of new classes of the graphene-based 3D structured
electrocatalysts for the oxygen electrochemistry applications. The synthesized catalysts show significantly
improved performance compared to the state-of-the-art catalysts for the respective reactions. The relevant
morphology of the 3D graphene also provides unique structural integrity. In addition, the doping of nitrogen into
the 3D framework of the graphene sheets provides efficient anchoring sites for the uniform and well-anchored
dispersion of the desired active sites. Furthermore, the stable morphology of the 3D support with its N-doped
centers improves the metal-support interaction and thus the designed systems are found to be surviving well under
the harsh electrochemical conditions. The 3D morphological features of the catalysts are also helpful for achieving
better electrode-electrolyte interface formation and, thereby, improved active site utilization. Further, the creation
of additional porosity on the 3D support matrix within the range of micro to meso shows another significant
advantage of achieving the formation and dispersion of nanometer-sized alloy nanoparticles on the support
surface. The details of the works carried out as part of meeting the key objectives of the dissertation are presented
in the four working chapters of the thesis (Chapter 2, Chapter 3, Chapter 4, and Chapter 5).

The significant achievements of this thesis as they appear in different working chapters are listed as follows:

6.1. NiFe Layered double hydroxide-Decorated N-Doped Entangled-Graphene Framework: A Robust
Water Oxidation Electrocatalyst (Chapter 2)

This work deals with the development of a low-cost OER electrocatalyst based on the NiFe-LDH (Layered Double
Hydroxide) nanostructures supported by the N-doped entangled graphene framework (NiFe-LDH/NEGF). The
use of an aqueous solution of ammonium hydroxide acted not only as a nitrogen source but also helped in
maintaining the pH of the solution for the formation of the self-assembled graphene as well as the NiFe-LDH

nanostructures. The freeze-drying method further helped in the formation of a stable entangled structure of NiFe-
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LDH/NEGF. With its porous and open morphology, the designed catalyst assisted towards better electrolyte

diffusion as well as releasing of the gaseous products during the electrochemical reaction conditions.

The key highlights of the present work are:

e A simple, two-step synthesis procedure was adopted to design a robust NiFe-LDH-supported NEGF
electrocatalyst (NiFe-LDH/NEGF) via the low-temperature hydrothermal treatment in the presence of
ammonium hydroxide and graphene oxide.

e The acquired porosity in the catalyst due to the distribution of the graphene layers in the framework helped
to improve the hydroxyl ion diffusion and gaseous product release during the electrochemical oxygen
evolution reaction.

e The higher surface area of NiFe-LDH/NEGF provides a larger number of adsorption positions for the
reactants and intermediates, leading to better electrocatalytic activity.

e In the presence of Fe, in the NiFe-LDH supported NEGF system, the hydroxide crystallinity and orders
have been improved, which helped in achieving better electrocatalytic activity.

e The N-doping over the carbon substrate support facilitated better electronic coupling between the N-
doped entangled graphene and the NiFe-LDH moieties, which resulted in lowering the overpotential to
290 mV to reach the oxygen evolution current density of 10 mA cm™.

e The reasons for the high performance achieved are the coexisting factors such as the uniformly distributed
and exposed active sites of LDH, the plentiful hydrated LDH channels for the reaction species
transportation, and the 3D porous structure of the graphene to facilitate the electrolyte infiltrations and the
product gas transport.

e Most importantly, the designed catalyst offers long-term catalytic ability and is found to be performing
quite efficiently even after the 20 h of the continuous operation by retaining up to ~80 % of its original

performance.

6.2. Zinc-Air Battery Catalyzed by Co3sO4 Nanorod-Supported N-doped Entangled Graphene for Oxygen
Reduction Reaction (Chapter 3)

Chapter 3 deals with the development of Coz04 nanorod bearing NEGF (CosO4/NEGF) as a versatile noble metal-
free ORR electrocatalyst and its application as an air-electrode in the primary zinc-air battery (ZAB). The spinel
structure of the oxide with the nanorod morphology shows significant advantages for the electrochemical oxygen

reduction reaction (ORR). An aqueous ammonia solution was used as the nitrogen source, which simultaneously
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helped in maintaining the pH of the solution required for the formation of the self-assembled N-doped 3D graphene

as well as the Co30O4 nanorod structure growth.

The key highlights of the present work are:

e A non-Pt electrocatalyst for ORR could be developed through a sequential pathway involving hydrothermal
treatment followed by freeze-drying to build the desired structural architecture of the catalyst. The designed
catalyst (CosO4/NEGF), which contains the CozO4 nanorods anchored on the surface of the 3D structured
N-doped graphene, was found to be displaying higher ORR activity during the single-electrode testing and
demonstration of a Zn-air battery (ZAB) system.

e The hydrothermal treatment and freeze-drying processes are found to be playing vital roles in tuning the
structural and morphological features of the catalyst. The doped nitrogen, apart from its favorable
contribution towards ORR, helps to facilitate efficient dispersion of the oxide nanorods on the graphene.

e The 60 mV onset potential shift for ORR and the Tafel slope of 74 mV/dec recorded over CosO4/NEGF
compared to the state-of-the-art Pt/C in the single-electrode mode are promising values expected from a
non-Pt electrocatalyst.

e A realistic system level validation of the catalyst also could be successfully performed by constructing and
testing a ZAB consisting of Coz04/NEGF as the cathode catalyst and comparing the performance
characteristics of a similar cell constructed with the Pt/C cathode.

e This high performance has been credited to the controlled interplay of the governing factors such as the
interfacial interactions leading to the efficient dispersion of the metal oxide nanorods, increased catalyst
surface area, the cooperative effect arising from the defects present in the N-doped porous 3D-graphene,

and the synergetic interactions operating in the system.

6.3. Air-Cathode Interface Engineered Electrocatalyst for the All-Solid-State Rechargeable Zinc-Air
Battery (Chapter 4)

Aiming at the rechargeability of the ZAB systems, this chapter introduces a bimetallic manganese-cobalt-based spinel oxide
(MnCo204) supported NEGF (MnCo,04/NEGF) as an efficient bifunctional electrocatalyst for facilitating both ORR and
OER, and, thereby, as a versatile air-electrode material for the rechargeable zinc-air battery (RZAB) application. Followed
by the single-electrode studies targeted the validation of the ORR and OER activities of the system, an all-solid-state RZAB
could be demonstrated by employing MnCo,O4/NEGF as the air-cathode since the 3D morphology of the catalyst helped to
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achieve an effective interface with the electrolyte. The chapter covers the interesting aspects of this material as the air-

electrode for the solid-state device.

The key highlights of the present work are:

A cost-effective bifunctional electrocatalyst possessing rationally designed structural and functional
attributes for facilitating both ORR and OER and favoring the effective formation of the active “triple-
phase boundary (TPB)” at the air cathode of the RZAB has been prepared. This has been achieved by
homogeneously dispersing manganese-cobalt bimetallic spinel oxide (MnCo0204) nanoparticles over a 3D
structured nitrogen-doped entangled graphene framework (MnCo204/NEGF).

The hydrothermal treatment and freeze-drying processes are found to be playing vital roles in tuning the
structural and morphological features of the catalyst. Apart from its favorable contribution towards ORR
and OER, the doped nitrogen helps as a nucleating site for the efficient dispersion of the bimetallic spinel
oxide on the graphene layers of the 3D structured NEGF and also brings in the optimal surface wettability
to the catalyst.

The study reveals the existence of synergistic interactions operating between the MnCo204 nanoparticles
and the N-doped porous graphene substrate. This benefits the system in terms of its bifunctional activity
of MnCo204/NEGF towards these reactions; the overpotential values are found to be closely comparable
to the respective state-of-the-art systems (i.e., Pt/C for ORR and RuO, for OER).

The air-electrode consisting of the MnCo204/NEGF-coated gas diffusion layer (GDL) ensures the
effective formation of the active ‘triple-phase boundary’ even in the presence of the OH™ ion conducting
gel electrolyte due to the porous 3D morphology of the catalyst layer. These structural and functional
advantages of the electrocatalyst are found to be working in favor during the demonstration of the ZAB
in its solid-state mode under charging and discharging conditions.

The optimal hydrophilicity originated from the functional attributes of the support surface is found to be
playing a significant role in constructing the effective interface of the catalyst and the electrolyte.

The demonstration of a solid-state rechargeable ZAB device with MnCo204/NEGF as the air-electrode
delivered a maximum peak power density of 200 mW cm™2, with good stability during the charge-

discharge cycling process. In terms of the performance and charge-discharge cyclability, the system based
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on the homemade catalyst is found to have a clear upper hand compared to a system consisting of the
state-of-the-art ORR/OER standard catalyst pair of Pt/C+RuO..

6.4. Microwave-Induced Micro-Porous Graphene Supported Pt3Co Alloy as an Improved Mass Active and
Durable ORR Catalyst (Chapter 5)

The catalytic materials based on the non-noble metal-supported NEGF assemblies developed as per the details
given in Chapters 2, 3, and 4 displayed high electrocatalytic ORR and OER activities under the basic conditions
with long term durability. Considering the interesting stable morphology of the mesoporous structure of the NEGF
system, further incorporation of the microporosity in the system (pPNEGF) has the benefit of further tuning the
electrode requirements. Furthermore, the non-noble metal-based active sites are ORR active and stable in the
basic conditions but they registered significant overpotentials and stability issues under the acidic conditions.
Accordingly, Chapter 5 deals with the results pertaining to the development and demonstration of the 3D
graphene-supported Pt-Co alloy system (Pts3Co/pNEGF) with the in-situ created microporosity as an ORR
electrocatalyst with the ability to function better under the acidic conditions. The incorporation of the
microporosity helps to achieve uniform dispersion of the sub-nm-sized Pt-Co alloy (PtzCo) nanoparticles with

improved mass activity.

The key aspects of the work are listed below:

e A microwave-assisted synthesis method was employed to create the 3D porous carbon support with a
large pore volume and dense micro/mesoporous surface. Simultaneously, the doped nitrogen in the carbon
framework helps in achieving the uniform distribution of the sub-nm-sized PtsCo nanoparticles over the
3D graphene substrate during the polyol method.

e Alloying Pt with Co slightly reduces the Pt metal loading without affecting the ORR activity. In addition,
the presence of an early transition metal to the Pt could alter the Pt-Pt interatomic distance, resulting in a
down-shift of the d-band center and a change in the electronic structures of the active Pt sites for ORR.
These factors along with the small size of the PtsCo nanoparticles and their homogeneous dispersion
resulted in high ORR activity of the system with more process-friendly nature.

e The ORR performance of PtsCo/pNEGF closely matches with the state-of-the-art commercial Pt/C
catalyst in 0.1 M HCIO4, with a small overpotential of 10 mV. The 3D framework of the substrate with
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the microporous texture of the N-doped graphene significantly improves the mass transfer characteristics
and contributes favorably to the overall ORR performance.

e Pt3Co/pNEGF and 40 % Pt/C in 0.1 M HCIO4 display the ORR onset potentials of 0.99 and 1.0 V vs.
RHE, respectively. The mass activities calculated from the ORR polarization curves reveal 1.5 times
higher activity for Pts:Co/pNEGF compared to its counterpart Pt/C system.

o Pt3Co/pNEGF also displays high structural endurance and corrosion resistance compared to its carbon-
based counterpart system. The presence of the N-doped graphitic carbon support offers strong
coordination sites for the PtsCo nanoparticles and prevents particle aggregation under the testing
conditions. Even after the 10000 potential cycles, which have been performed as part of the accelerated
durability test protocol, the drop in the electrochemically active surface area (ECSA) and the half-wave
potential (E12) of PtsCo/pNEGF is found to be less (AECSA = 5 m? geit, AE12 = 24 mV) compared to
that of Pt/C (AECSA =9 m? get’?, AE12 = 32 mV).

6.2. Future Perspectives:

The results presented in this thesis demonstrate how one can effectively utilize the graphene framework for
building new classes of 3D structured electrocatalysts for ORR and OER applications by strategically tuning the
morphological features. The demonstrations in this thesis are focused on PEMFCs, electrolyzers, and metal-air
batteries. The transformation of a catalyst to the electrode requires different process protocols and the fabrication
strategies often spoil the favorable structural attributes of the designed catalysts. This limitation is common in
most of the electrochemical devices. Hence, to make the electrodes more process friendly, a real “bottom-up”
designing strategy is required and the present thesis is a humble attempt in this direction. The concepts like 3D
structuring, creation of mass-transfer channels, and exposed active sites are based on the consideration of
minimizing the issues that we normally face during the electrode fabrications. From a broader perspective, the
findings of the thesis, even though at present are restricted to electrolyzers, PEMFCs, and metal-air batteries, have
significant implications in the relative areas such as the other types of batteries, supercapacitors, sensors, etc,
where the effective utilization of the active sites and interface formation is challenging and tricky. For example,
by effectively tweaking the process demonstrated for developing the catalyst for the electrolyzer or the metal-air
battery applications in this thesis, one can explore the possibilities of making better systems for building solid-
state supercapacitors by utilizing the 3D structure of the catalyst and by adjusting the active sites in the desired

way. In the case of the metal-ion batteries, the electrochemical sensors, and the other types of electrochemical
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processes such as electrochemical ammonia synthesis, nitrogen reduction, and direct methanol fuel cells, the
strategies proposed in this thesis have great prospects for further exploration. The finding of this dissertation also
can get attention in the areas other than the electrochemical systems where the active site utilization and mass
transfer issues are the major activity limiting factors. One such area is the heterogeneous and homogeneous
catalysis, where activities are often limited by the poor accessibility of the active sites, their low stability, and the
tendency for aggregation. All these can be effectively addressed by adopting appropriate 3D architecting
strategies as detailed in this thesis. Since graphene is still in the limelight as an effective substrate material for
different active sites for the targeted applications, the findings of the thesis will help for value addition for

graphene as a material for those who are working in the areas of electrochemistry and catalysis.
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Title of the thesis: Active Interface Engineered Oxygen Electrocatalysts for Electrochemical
Energy Applications

This thesis deals with the development of 3D structured oxygen electrocatalysts possessing
enhanced active interfaces that can better handle the electrode processes. The working principles
of the electrochemical energy devices such as water electrolyzers, polymer electrolyte membrane
fuel cells (PEMFCs), and rechargeable metal-air batteries (RZABs) along with their advantages
and system-level limitations are discussed in Chapter 1. This chapter discussed the strategies
adopted for designing the various electrocatalysts by using the 3D graphene support for both
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) for the energy applications.
Chapter 2 discussed the development of a low-cost OER electrocatalyst based on the NiFe-LDH
(Layered Double Hydroxide) nanostructures supported by the N-doped entangled graphene
framework (NiFe-LDH/NEGF). Chapter 3 deals with the development of Cos04 nanorod bearing
NEGF (Co304/NEGF) as a versatile noble metal-free ORR electrocatalyst and its application as an
air-electrode in the primary zinc-air battery (ZAB). Chapter 4 introduces a bimetallic manganese-
cobalt-based spinel oxide (MnCo0204) supported NEGF (MnCo,04/NEGF) as an efficient
bifunctional electrocatalyst for facilitating both ORR and OER, and, thereby, as a versatile air-
electrode material for the rechargeable zinc-air battery (RZAB) application. Followed by the
single-electrode studies targeted the validation of the ORR and OER activities of the system, an
all-solid-state RZAB could be demonstrated by employing MnCo,04/NEGF as the air-cathode
since the 3D morphology of the catalyst helped to achieve an effective interface with the electrolyte.
Chapter 5 deals with the results pertaining to the development and demonstration of the
microporous 3D graphene-supported Pt-Co alloy system (Pt:Co/pNEGF) as an ORR electrocatalyst
with the ability to function under the acidic conditions. The incorporation of the microporosity into
the 3D graphene support helps to achieve uniform dispersion of the sub-nm-sized Pt-Co alloy
(PtsCo) nanoparticles with improved mass activity in the ORR performance measurementin 0.1 M
HCIO4 solution. Chapter 6 summarizes the key findings presented in each working chapter of this
thesis and provides future directives on the prepared catalysts for performance improvement in the

electrochemical energy devices.
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Abstract: Three Dimensional (3D) porous carbon materials are highly desirable for
electrochemical applications owing to their high surface area and porosity. Uniform distributed
porosity in the 3D architecture of the carbon support materials allows the reactant molecules
to access more numbers of electrochemical active centres and simultaneously facilitate the
removal of the product formed during the electrochemical reactions. Herein, we have prepared
a nitrogen-doped entangled graphene framework (NEGF), decorated with the NiFe-LDH
nanostructures by the in-situ solvothermal method followed by freeze-drying at high vacuum
pressure and low-temperature conditions. The freeze-drying method helped to prevent the
restacking of the graphene sheets, and the formation of high surface area nitrogen-doped
entangled graphene (NEGF) supported NiFe-LDH. The incorporation of NEGF has
significantly reduced the overpotential for the electrochemical oxygen evolution reaction
(OER) in 1 M KOH solution. This corresponds to an overpotential reduction from 340 mV for
NiFe-LDH to 290 mV for NiFe-LDH/NEGF to reach the benchmark current density of 10 mA
cm 2. The preparation of the catalyst is conceived through a low-temperature scalable process.

2. Presented a poster entitled “Zinc-Air Battery Catalyzed by Coz0O4 Nanorod-Supported
N-doped Entangled Graphene for Oxygen Reduction Reaction” in KPIT Conference on
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Abstract: The work reported here deals with the development of an efficient non-Pt
electrocatalyst for electrochemical oxygen reduction reaction (ORR) through a sequential
pathway involving hydrothermal treatment followed by freeze-drying to build the desired
structural architecture of the catalyst. The designed catalyst (Co304/NEGF), which contains the
Co304 nanorods anchored on the surface of the 3D structured N-doped graphene, was found to
be displaying higher ORR activity during single-electrode testing and demonstration of a Zn-
air battery (ZAB) system. Under the hydrothermal treatment at 180 °C in the presence of
ammonia, nitrogen got doped into the carbon framework of the graphene, which subsequently
formed a self-assembled entangled 3D structure of graphene after freeze-drying. The
hydrothermal treatment and freeze-drying processes are found to be playing vital roles in tuning
the morphological and structural features of the catalyst. The doped nitrogen, apart from its
favorable contribution towards ORR, helps to facilitate efficient dispersion of the oxide
nanorods on graphene. Co304/NEGF displayed remarkable ORR activity in 0.1 M KOH
solution, as evident from the 60 mV onset potential shift compared to the state-of-the-art Pt/C
catalyst and the Tafel slope value of 74 mV dec™ vs. 68 mV dec™* for Pt/C. The ZAB fabricated
by employing CozO4/NEGF as the cathode catalyst was found to be an efficient competitor for
the system based on the Pt/C cathode. This high performance has been credited to the controlled
interplay of the governing factors such as the interfacial interactions leading to the efficient
dispersion of the metal oxide nanorods, increased catalyst surface area, the cooperative effect
arising from the defects present in the N-doped porous 3D-graphene, and the synergetic
Interactions operating in the system.

3. Oral presentation entitled Air-Cathode Interface-Engineered Electrocatalyst for Solid-
State Rechargeable Zinc-Air Battery in Global Webinar on Materials Science and
Engineering conference organized by Global Scientific Guild, Bangalore, India.
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ABSTRACT: Solid-state rechargeable zinc-air batteries (ZABS) are gaining interest as a new
class of portable clean energy technology due to their advantages such as high theoretical
energy density, intrinsic safety, and low cost. It is expected that an appropriately triple-phase
boundary (TPB) engineered, bifunctional oxygen reaction (OER and ORR) electrocatalyst at
the air-electrode of ZABs can redefine the performance characteristics of these systems. To
explore this possibility, an electrode material consisting of manganese-cobalt-based bimetallic
spinel oxide (MnCo0204)-supported nitrogen-doped entangled graphene (MnCo204/NEGF)
with multiple active sites responsible for facilitating both OER and ORR has been prepared.
The porous 3D graphitic support significantly affects the bifunctional oxygen reaction kinetics
and helps the system to display a remarkable catalytic performance. The air-electrode
consisting of the MnCo.04/NEGF catalyst coated over the gas diffusion layer (GDL) ensures
the effective TPB and this feature works in favor of the rechargeable ZAB system under the
charging and discharging modes. As an important structural and functional attribute of the
electrocatalyst, the porosity and nitrogen doping in the 3D conducting support play a decisive
aspect in controlling the surface wettability (hydrophilicity/hydrophobicity) of the air
electrode. The fabricated solid-state rechargeable ZAB device with the developed electrode
displayed a maximum peak power density of 202 mW cm™2, which is significantly improved
as compared to the one based on the Pt/C+RuO; standard catalyst pair (124 mW cm2). The
solid-state device which displayed an initial charge-discharge voltage gap of only 0.7 V at 10
mA cm 2 showed only a small increment of 86 mV after 50 h.
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Three dimensional (3D) porous carbon materials are highly desirable for electrochemical applications owing
to their high surface area and porosity. Uniformly distributed porosity in the 3D architecture of carbon
support materials allows reactant molecules to access more electrochemically active centres and
simultaneously facilitate removal of the product formed during electrochemical reactions. Herein, we
have prepared a nitrogen-doped entangled graphene framework (NEGF), decorated with NiFe-LDH
nanostructures by an in situ solvothermal method followed by freeze-drying at high vacuum pressure
and low temperature. The freeze-drying method helped to prevent the restacking of the graphene
sheets and the formation of a high surface area nitrogen-doped entangled graphene framework (NEGF)

supported NiFe-LDHs. The incorporation of the NEGF has significantly reduced the overpotential for the
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Introduction

Owing to the increased energy demand and environmental
concerns, there is an urgent need to focus on alternative carbon-
free fuels.” In this respect, fuel cells have emerged as a promising
alternative technology to conventional heat engines.”> However,
being an electrochemical energy conversion device, their
sustainability, as well as eco-friendly nature, is directly depen-
dent on the source of the fuel, eg, H, (having the highest
gravimetric energy density, Z.e., 140 MJ kg™ *).> Among the various
ways of H, generation, water splitting can be the sustainable
resource of H,.* Electrochemical water splitting involves two half-
cell reactions, ie., the cathodic hydrogen evolution reaction
(HER) and the anodic oxygen evolution reaction (OER). However,
owing to four proton-coupled four electron-transfer reactions, the
OER is thermodynamically unfavourable, limiting the overall
energy efficiency of these vital electrochemical areas.” Currently,
precious-group metal-based, i.e., IrO,- and RuO,-based, catalysts

“Physical & Materials Chemistry Division, CSIR-National Chemical Laboratory, Pune,
Maharastra, India. E-mail: k.sreekumar@ncl.res.in; Fax: +91-20-25902636
*Academy of Scientific and Innovative Research, Postal Staff College, Nehru Nagar,
Ghaziabad, Uttar Pradesh-201002, India

‘Faculty of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba,
Ibaraki 305-8573, Japan

T Electronic  supplementary
10.1039/c9na00808;j

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2020

are the benchmark in both the acidic and alkaline medium for
the OER.® However, their high cost and scarcity have triggered
research toward the development of low-cost and readily avail-
able active materials for scale-up utilizations.” In the last few
years, various earth-abundant transition metal (Mn, Fe, Co, and
Ni)-based oxides, hydroxides, and alloys have been explored as
promising alternatives to catalyze the OER in the alkaline
medium.**° For instance, Sumboja et al.®* designed NiMn layered
double hydroxides as an efficient oxygen evolution reaction
electrocatalyst. In another report, Kang et al.'* demonstrated the
activity of NiFe-oxide toward the water oxidation reaction.
Despite satisfactory performances, these support-free catalysts
suffer from active centre agglomeration and poor electronic
conductivity issues, affecting their long-term stability."*™* A
solution for the conductivity issue is to modulate the electronic
structure by in situ anchoring these transition metal oxides/
hydroxides over cost-effective conducting supports.*>** Among
various cost-effective conducting supports, carbon-based mate-
rials with electrochemically favourable characteristics, i.e., high
electronic conductivity and surface area, have emerged as
universal choices in the electrocatalysis field.">* For instance, in
a recent report, Zhan et al.'’ achieved improved activity and
stability by anchoring the OER-active NiFe layered double
hydroxides over nitrogen-doped graphene. Similarly, Chan-
drasekaran et al.*® also reported improved OER performance by
anchoring NiFe layer double hydroxides over reduced graphene
oxide.

Nanoscale Adv., 2020, 2,1709-1717 | 1709


http://crossmark.crossref.org/dialog/?doi=10.1039/c9na00808j&domain=pdf&date_stamp=2020-04-15
http://orcid.org/0000-0001-5446-7923
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00808j
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA002004

Open Access Article. Published on 03 March 2020. Downloaded on 5/31/2022 6:57:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Though two-dimensional graphene and one-dimensional
carbon nanotubes have emerged as convincing OER-catalyst
supports, their in-depth micro-architecture has turned out to
be the proficiency-limiting factor.*® For instance, theoretically,
graphene provides a surface area as high as ~2630 m*> g " as
well as outstanding electrical conductivity.*** However,
practically, the well-known restacking issue of graphene layers
affects their surface area and electronic conductivity to a large
extent.?* Besides, CNTs suffer from low surface area, restrict-
ing sufficient active material loading, and detachment during
the reaction.”®*' Hence, tuning the micro-architectural char-
acteristics of the catalyst support is a key contributor to
increase the active centre loading as well as its accessibility to
tune the overall performance.”> Among several potential
candidates, three-dimensional entangled-graphene frame-
works (3D-EGFs), having a high surface area as well as elec-
tronic conductivity, are gaining enormous attention as
a conducting support.**** In spite of this, 3D-EGFs with
a hierarchical porous structure also serve as a promising
substrate to accommodate a huge number of exposed active
materials to facilitate the seamless diffusion of the electro-
catalytic reaction species.**>® Recently, several methods have
been adopted for the designing of 3D graphene including hard
and soft-template-based methods,* freeze-drying methods,*”
a microporous template-based CVD method*®***" and
a nonporous metal-based CVD method.?®**®

Among all these methods, freeze-drying is found to be
quite appealing as it generates plenty of homogeneous pores,
and the process leads to the higher mechanical strength of
the interconnected graphene network.>?*3* Here, we
focussed on alleviating the current performance-constraining
issues of the low-cost best-performing-system. The primary
activity degradation factors include insufficient electronic
conductivity, poor active centre exposure, and hindered
reaction species transport. By keeping all these performance-
constraining factors in mind, herein, we introduce the
anchoring of the nano-sized NiFe-layered double hydroxide
(NiFe-LDH) over a N-doped entangled graphene framework
(NEGF) to further improve the performance. The rationally
designed NEGF acted as a useful active substrate to tune the
electronic structure and the NiFe-LDH distribution, along
with providing an architecture comprised of an open and
exposed catalytic system.

Experimental section

Synthesis of the nitrogen doped entangled graphene
framework (NEGF)

60 mg of graphene oxide (GO) was dispersed in a 20 ml (3: 1)
aqueous solution of ammonia (30% v/v), via water-bath soni-
cation and overnight stirring. The complete solution was
transferred into a Teflon-lined autoclave and kept for 12 h at
180 °C. After complete cooling to room temperature, the sample
was washed with water 5-6 times to remove the excess
ammonia, followed by freeze-drying to prepare the nitrogen-
doped entangled graphene framework (NEGF).

1710 | Nanoscale Adv, 2020, 2, 1709-1717
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Synthesis of the NiFe-LDH supported nitrogen-doped
entangled graphene framework (NiFe-LDH/NEGF)

60 mg of the as-prepared GO was added to a 20 ml (3:1)
aqueous solution of ammonia (30% v/v), via water-bath soni-
cation and overnight stirring. After the complete dispersion of
GO, Ni(OAc), 4H,0 and Fe(OAc),-4H,0 were added to the
solution and kept stirring for another 6 h. After complete mix-
ing of the metal ions, the reaction mixture was transferred into
a Teflon-lined autoclave and heated at 180 °C for 12 h; afterward
the autoclave was allowed to cool down naturally, and the
sample was washed with water 5-6 times to remove the excess
ammonia. This was further subjected to freeze-drying for 10 h at
—52 °C under high vacuum pressure. After the completion of
the freeze-drying process, the sample was collected, which
adopted a flaky kind of structure.

Synthesis of unsupported NiFe-LDHs

Synthesis of NiFe-LDHs was done by adding nickel acetate and
iron acetate salt into a 20 ml (3:1) aqueous solution of
ammonia (30% v/v), and it was kept for 6 h with constant stir-
ring. After complete mixing, the solution was transferred into
a Teflon-lined autoclave and kept for 12 h at 180 °C. After
complete cooling to room temperature, the sample was washed
with water 5-6 times to remove the excess ammonia. The final
samples were dried in an oven at 60 °C and collected.

Synthesis of Ni(OH),/NEGF

Synthesis of Ni(OH),/NEGF is the same as that of NiFe-LDH/
NEGF, except for addition of iron acetate; 60 mg of graphene
oxide (GO) was dispersed in a 20 ml (3 : 1) aqueous solution of
ammonia (30% v/v), via water-bath sonication and overnight
stirring.

After complete dispersion of graphene oxide, nickel acetate
was added to the solution and kept for 6 h with constant stir-
ring. After complete mixing, the solution was transferred into
a Teflon-lined autoclave and kept for 12 h at 180 °C. After
complete cooling to room temperature, the sample was washed
with water 5-6 times to remove the excess ammonia, followed
by freeze-drying to prepare the Ni(OH),/NEGF.

Synthesis of NiFe-LDH/NEGF (w/0)

To comparatively study the effect of freeze-drying and nitrogen
atom doping on the carbon support, we have synthesized NiFe-
LDHs over the nitrogen-doped graphene without freeze-drying,
which is named NiFe-LDH/NGF (w/0). Synthesis of NiFe-LDH/
NEGF (w/o) is the same as that of NiFe-LDH/NEGF, except
that here instead of using freeze-drying, the sample was dried by
filtration after hydrothermal treatment for 12 h at 180 °C.

Synthesis of NiFe-LDH/EGF

Instead of ammonia, only water is used to study the effect of
nitrogen-doping, and the sample is named NiFe-LDH/EGF.
Synthesis of NiFe-LDH/EGF is the same as that of NiFe-LDH/
NEGF, except that here instead of using ammonia solution only

This journal is © The Royal Society of Chemistry 2020
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water is used as the solvent, followed by solvothermal treatment
for 12 h at 180 °C and applying the freeze-drying method.

Results and discussion

The preparation procedure for the homogeneously distributed
NiFe-LDH over the NEGF involves two steps, as illustrated in
Scheme 1. The reaction mixture was first treated solvothermally
followed by lyophilization under high vacuum and low
temperature (—52 °C) conditions. The adopted lyophilization
process helped to prevent the graphene sheet-restacking under
these experimental conditions, generating an entangled gra-
phene framework by the crosslinking of the graphene sheets.”
The interesting role played by ammonium ions is that they help
in the strengthening of the graphene hydrogel along with
nitrogen doping at a temperature as low as just 180 °C under the
solvothermal conditions.** Ammonium hydroxide enhances the
interaction between two graphene sheets with its alkaline
hydroxyl groups and ammonium ions.

Formation of the hierarchical NEGF was first examined
through field-emission scanning electron microscopy (FESEM).
Fig. 1a presents the FESEM image of the NEGF, showing the 3D
entangled network, formulated with randomly oriented gra-
phene nanosheets. Such an entangled 3D framework not only
prevented the agglomeration of the graphene nanosheets but it
also provided high surface area as well as the porosity to the
matrix. It, henceforth, facilitated the easy migration of reactants
and gaseous products released during the electrochemical
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/Ni* I'\ Nr andt‘e
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Scheme 1 Schematic representation of the synthesis of the NiFe-
LDH-anchored N-doped 3D entangled graphene framework (NiFe-
LDH/NEGF) and its application as an efficient OER electrocatalyst.
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reactions.***® Such a type of interconnected graphene frame-
work is also retained during the in situ loading of the active
material, i.e., NiFe-LDHs, as shown in Fig. 1b. Fig. 1c shows the
FESEM image of the NiFe-LDH-anchored nitrogen-doped gra-
phene without the freeze-drying step, presenting a well-defined
agglomerated morphology with thick and stacked graphene
patches. Hence, FESEM analyses support the role of lyophili-
zation to prevent the restacking of the graphene nanosheets,
assisted by the water removal under the high vacuum and low-
temperature conditions.

Next to FESEM, transmission electron microscopy (TEM)
analysis was performed to find out the size and distribution of
the decorated NiFe-LDH over the graphene sheets. Fig. 1d and e
present the TEM images of NiFe-LDH/NEGF at different
magnifications. The TEM analyses revealed a homogeneous
distribution of the layered double hydroxide nanostructures
over the NEGF. The further magnified TEM image in Fig. 1f
shows that the anchored LDH nanostructures are well-resolved
and amorphous in nature. The amorphous nature of the
anchored NiFe-LDH is further supported by the diffused ring
pattern in selected area electron diffraction (SAED) analysis
(inset of Fig. 1f). The role of N-doping toward facilitating the
homogeneous distribution of the metal hydroxides over the
NEGF is also studied by comparatively analyzing the TEM
images of NiFe-LDH-anchored N-doped and un-doped entan-
gled graphene frameworks (EGFs). Fig. S1a and b} present the
TEM image of the NiFe-LDH-supported un-doped EGF, showing
the larger agglomerates of NiFe-LDHs over the support sheets.
This finding shows the crucial role played by N-doping in
creating plenty of metal anchoring sites along with the tuning of
the size of LDH nanostructures as well as in avoiding their
agglomeration.’*** Furthermore, to study the need for supports
for decorating discrete active LDH nanostructures, TEM anal-
ysis was extended to a support-free NiFe-LDH system. The
comparative study showed that in the absence of any substrate,
LDHs show more chances of agglomeration and acquiring
a bulky morphology (Fig. S2a and b¥). We have further extracted
the weight % and atomic % of various species present in the
sample and the corresponding data are presented in Fig. S3,f
a table for respective elements shown in Table S1.}

To further understand the role of freeze-drying in improving
the surface area as well as increasing the number of porous
channels, specific surface area and pore size distribution were
evaluated by nitrogen adsorption-desorption isotherm analysis.
A BET surface area value of 547 m* g~ (Fig. S47) obtained for
the NEGF confirms the highly open and porous structure of the
NEGF, supporting the FESEM findings. The BET surface area
measurement was also carried out to find out the benefit of
freeze-drying over the without freeze-drying (w/o) sample. Both
NiFe-LDH/NEGF and NiFe-LDH/NG (w/o) show type-IV
isotherms (Fig. S51). However, the BET analysis of NiFe-LDH/
NEGF evidenced the essential role played by freeze-drying in
maintaining a highly porous and exposed surface of the cata-
lyst. It is reflected both through the surface area obtained, i.e.,
328 m> g~ ', and porosity from the pore size distribution profile,
giving the distribution of pores in the range of 2 to 5 nm

(Fig. 2a). These results further guarantee the individual
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Fig.1 FESEM images of (a) NEGF; (b) NiFe-LDH/NEGF; (c) NiFe-LDH/NEGF (w/0); (d), (e), and (f) the TEM images of NiFe-LDH/NEGF at different

magnifications.
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Fig. 2 Comparative physical characterization of the as-prepared
catalysts: (a) pore-size distribution profiles of the NEGF and NiFe-LDH/
NEGF, (b) PXRD patterns of the NEGF, a-Ni(OH),, and NiFe-LDH/
NEGF, (c) Raman spectra of GO, the NEGF and NiFe-LDH/NEGF and (d)
TGA profiles.

graphene sheets into the bulk structure. Notably, the surface
area of the NEGF is found to be higher than that of NiFe-LDH/
NEGF (547 m> g~ ' vs. 328 m> g~ '), which is obvious owing to the
blockage and covering of some of the pores of the NEGF
through the as-grown NiFe-LDH nanostructures. As shown in
Fig. 2a, NiFe-LDH/NEGF shows the higher cumulative area in
the pore size range of 2 to 5 nm, suggesting the mesoporous

1712 | Nanoscale Adv., 2020, 2, 1709-1717

nature of NiFe-LDH/NEG. However, the pore-size distribution
profile of NiFe-LDH/NG (w/o) showed decreased intensity in the
above-mentioned pore-size region, supporting the role of freeze-
drying in making open and exposed catalyst frameworks. Pore
size distribution analysis is also extended on the NEGF, pre-
senting a pore size distribution profile similar to that of NiFe-
LDH/NEGF (Fig. S4bt). To make a better understanding of the
contribution of different parameters towards catalytic perfor-
mance, the catalyst BET surface area measurement results of all
the samples are presented in Fig. S61 and the corresponding
data are presented in Table S2.}

To identify the phase and crystallinity of the as-synthesized
samples, X-ray diffraction (XRD) analysis was performed.
Fig. 2b consists of the comparative XRD pattern for the NEGF
and NiFe-LDH/NEGF. The PXRD pattern for the NEGF shows an
intense peak at a 26 value of 26°, corresponding to the (002)
diffraction peak of the reduced graphene oxide.”* The PXRD
pattern of NiFe-LDH/NEGF shows a comparatively intense and
prominent (00l) plane, matching well with the JCPDS Card no.
040-0215. NiFe-LDH/NEGF also shows a broad and intense (002)
plane of the NEGF, attributing to the anchoring of NiFe-LDHs
over the NEGF. To study the role of Fe incorporation in the
Ni-hydroxide crystal structure, the growth of nickel hydroxide
over the nitrogen-doped entangled graphene framework (NEGF)
has been realized under the same reaction conditions and
abbreviated as «-Ni(OH),/NEGF. Comparative PXRD patterns of
o-Ni(OH),/NEGF and NiFe-LDH/NEGF suggested the increased
orderness of the hydroxide layers after the Fe incorporation into
the o-Ni(OH), crystal structure owing to the poor intensity of
hydroxide peaks in the former case.***”

This journal is © The Royal Society of Chemistry 2020
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Next to the crystal phase identification, Raman analysis was
conducted to investigate the graphitization and defect extent in
the microstructure of the synthesized graphene-based material.
Fig. 2c comprises the comparative Raman spectra of graphene
oxide (GO), the NEGF, and NiFe-LDH/NEGF. The spectra show
that the typical peaks for all the samples are located in the range
of 1300 and 1600 cm™ ', which is due to the stock phonon
interaction of the carbon materials created by the laser excita-
tion.*® In all the comparative samples, the intense peak at
1320 cm ' is due to the defective (D) nature of the carbon,
including disorders in bonding, heteroatom doping and
vacancies in the carbon lattice.®” As shown in Fig. 2¢, another
intense peak which appeared in the range of 1580 to 1600 cm ™"
is attributed to the graphitic nature of the carbon,® indicating
the ordered lattice structure from the vibration of the Csp® in
the plane.*® The intensity ratio of the defective carbon peak to
the graphitic carbon peak, i.e., the Ip/I; ratio, helps to find out
the extent of defects/disorderness and graphitization extent in
carbon-based materials.**** The Ip/I; values for the NEGF (1.31)
and NiFe-LDH/NEGF (1.25) are higher than those of GO (0.95),
suggesting the GO reduction to reduced graphene oxide during
the hydrothermal treatment. Besides, higher intensity of the
defective carbon for the NEGF and NiFe-LDH/NEGF shows
a decrease in the average size of the sp> domains due to the
removal of the oxygen-containing functional groups and doping
of nitrogen (N) atoms over the carbon atom.**** Higher defects
and disorders over the carbon support help to generate plenty of
nucleation sites for the nanoparticle growth, their controlled
homogeneity, and size distribution.**

After confirming the highly open and entangled graphene
framework characteristics of the NEGF along with the good
active material dispersion over the NEGF, thermogravimetric
analysis (TGA) was employed to determine total active material
loading over the NEGF. TGA was carried out by annealing the
sample from 25 to 900 °C with a scan rate of 5 °C per minute in
an oxygen atmosphere. Fig. 2d presents the TGA curves for the
NEGF, NiFe-LDH, NiFe-LDH/NEGF, and NiFe-LDH/EGF. For all
the compared samples, an initial weight loss was observed at
around 100-150 °C, owing to the evaporation of physisorbed
water molecules. The NEGF contains only a composite of
nitrogen and oxygen and major content of carbon, which starts
burning at around 400 °C, and near 500 °C complete calcination
is observed in an oxygen atmosphere. This complete conversion
of carbon and nitrogen to mixed oxide products drawn away in
the form of gas, so the rest of the sample weight becomes zero.
In the case of NiFe-LDHs, no such major weight loss was
observed. However, in the other two supported systems, ie.,
NiFe-LDH/NEGF and NiFe-LDH/EGF, reasonable water loss is
encountered owing to the presence of LDHs and porous carbon
having larger accessibility for a physisorbed water molecule. In
the two later samples, major weight loss in the temperature
region of 350 to 500 °C might be due to the oxidation of carbon.
As it is already illustrated in the Raman analysis section,
nitrogen doping over the carbon surface helps to create plenty
of metal-binding sites, which increases the metal support
interactions.** This can be further supported by the TGA data.
As seen from Fig. 2d, NiFe-LDH/NEGF shows comparatively
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higher active material loading (~35%) than NiFe-LDH/EGF
(~20%). This strongly anchored and higher active material
loading may help in improving the electrocatalytic activity and
durability.**

The electronic structure tuning of all the surface elements,
i.e., N-doping over the carbon support, binding energy change
due to the catalyst support interactions and formation of NiFe-
LDHs, is thoroughly analyzed by employing X-ray photoelectron
spectroscopy (XPS) measurements. Fig. 3a presents the survey
spectra of the NEGF and NiFe-LDH/NEGF, confirming the
presence of Ni, Fe, O, N, and C in NiFe-LDH/NEGF and N, O and
C in the NEGF. In both cases, common elements are C, O,
and N, having binding energy located at around ~284.8, ~531.5
and ~400.5 eV, respectively.**** In the case of NiFe-LDH/NEGEF,
two new peaks are present at ~710.8 and ~855.6 eV corre-
sponding to the elements Fe and Ni, respectively.**** From
Fig. 3a, it is apparent that the surface composition of carbon
and nitrogen is decreased in NiFe-LDH/NEGF, which is due to
the coverage of NiFe-LDHs over the nitrogen-doped carbon.
However, the O 1s peak is found to intensify after the NiFe-LDH
loading, basically coming from the hydroxide moieties as well
as intercalated carbonate and water species.**™*>

Furthermore, by high-resolution XPS, the NEGF and NiFe-
LDH/NEGF are comparatively analyzed in the C 1s, N 1s, and
O 1s core regions. Various chemical states of carbon, i.e., C-C,
C=C (284), C-O (286), and C-N/C=N (400), with different
binding energy values owing to the unique chemical environ-
ment of carbon are marked in the respective figures (Fig. S7a
and bt).*** The C 1s spectrum of NiFe-LDH/NEGF showed an
additional CO;>~ anion peak at 289.8 eV, indirectly illustrating
the growth of layer double hydroxides over the NEGF.**
Subsequently, a deconvoluted O 1s core level spectrum was
comparatively examined for both the NEGF and NiFe-LDH/
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Fig. 3 XPS analysis: (a) XPS survey scan spectra of the NEGF and NiFe-
LDH/NEGF. Panels (b), (c) and (d) show the high-resolution decon-
voluted spectra of N 1s, Ni 2p and Fe 2p of NiFe-LDH/NEGF,
respectively.
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NEGF, as given in Fig. S5c and d.f In the NEGF, oxygen binds
with carbon in the form of C-O and C=0, and by epoxy group
formation. However, in the case of NiFe-LDH/NEGF, O 1s
spectra show quite good disparity owing to the surface rich layer
double hydroxide (LDH), having oxygen coordinated in the form
of Ni(OOH), Fe-OH, and Ni-OH and in the carbonate or lattice
H,0 form. Deconvoluted N 1s spectra of the NEGF and NiFe-
LDH/NEGF are also examined to know the types of nitrogen
present in the graphene matrix along with their total
percentage. The N 1s spectrum of the NEGF in the ESI
(Fig. S7et) shows a higher percentage (42.4%) of pyrrolic-N
(399.7 eV) and almost similar percentage (41.6%) of pyridinic-
N (398.6 eV) nitrogen along with a lower quantity (15.9%) of
quaternary-N (400.5 eV); furthermore, the N 1s spectrum of
NiFe-LDH/NEGF is also deconvoluted to find out any change in
the XPS spectrum after the NiFe-LDH loading over the NEGF.
Fig. 3b shows the deconvoluted N 1s spectrum locating all the
deconvoluted peaks which are present in the NEGF, suggesting
that N-doping in the graphene matrix remains the same during
the in situ loading of NiFe-LDHs. For comparison, along with
the obtained data we have presented the previously reported
data in Table S3 in the ESIL.{ Thus, deconvoluted XPS spectra of
C 1s, O 1s, and N 1s clearly show the solvothermal-assisted
reduced graphene oxide formation as well as layer double
hydroxide growth. The survey spectrum of NiFe-LDH/NEGF also
shows two extra peaks corresponding to the Ni 2p and Fe 2p
core level (Fig. 3a). These core level spectra were deconvoluted
to study their chemical state in the LDH system. Fig. 3¢ presents
the deconvoluted Ni 2p spectrum of NiFe-LDH/NEGF, showing
the two main spin-orbit doublets of Ni, i.e., Ni 2p3/2 (873.3 eV)
and Ni 2p1/2 (855.6 eV) along with two bands. The binding
energy value of these two doublets suggests the +2 oxidation
state of Ni in the NiFe-LDH system.***

There is a strong interaction between the supported NiFe-
LDH and the N dopant of the graphene. Due to the electro-
negativity difference between the N dopant and NiFe, there will
be electron transfer between these two entities. The comparable
XPS spectra of NiFe-LDH and NiFe-LDH/NEGF shown in
Fig. S87 clearly show a shift in the binding energy of the metals
evidencing the electron transfer from the nitrogen dopant to the
metal, which is responsible for the reduction in B.E. Fig. 3d
presents the deconvoluted XPS spectra of NiFe-LDH/NEGF in
the Fe 2p core level. It exhibits two prominent spin-orbit
doublets located at 710.9 and 725.1 eV corresponding to Fe 2ps,
and Fe2ps,, splitting for the Fe®" oxidation state, respec-
tively.*>** Hence, deconvolution, as well as binding energy
assignment of the different spin states of Ni and Fe core-level
spectra, has helped to find out the oxidation states of the two
elements in LDHs.

Electrochemical oxygen evolution reaction

All the employed physical characterization techniques conclude
the formation and favorable characteristics of NiFe-LDH/NEGF
in catalyzing the water oxidation; half-cell electrochemical
analyses were carried out by employing various techniques, e.g.,
electrochemical surface area (ECSA) measurement, linear sweep
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voltammetry (LSV) and chronoamperometry. All the analyses
were carried out using Hg/HgO as a reference electrode in 1 M
KOH, which was further calibrated to RHE using a standard
calibration method.*® All the polarization curves were recorded
after an ohmic potential drop (iR-drop) compensation by 65%.
Comparative ECSA values were first examined to find out the
accessible active center density of the various employed cata-
lysts. For platinum-free systems, double-layer capacitance (Cq)
in the non-faradaic region is the reasonable parameter to
measure the ECSA.* Fig. 4a and S9f show the higher double-
layer capacitance (Cgq) values possessed by NiFe-LDH/NEGF
(7.9 mF cm ?), as compared to those of the other two
samples, i.e., for NiFe-LDH/NG (w/0) (3.7 mF cm ) and NiFe-
LDH (1.0 mF cm ?). This suggests higher charge accumula-
tion as well as electrolyte infiltration on the highly exposed and
open texture of the catalyst system (NiFe-LDH/NEGF). Fig. 4b
presents the polarization curves recorded for the oxygen
evolution reaction (OER). The overpotential observed at
a current density of 10 mA cm ™~ for NiFe-LDH/NEGF (290 mV) is
lower than that of NiFe-LDHs (350 mV), NiFe-LDH/NG (w/o)
(340 mv), and 20% RuO,/C (310 mV). The higher electro-
catalytic activity of NiFe-LDH/NEGF toward the OER, as
compared to that of NiFe-LDHs clearly reveals the effect of the
NEGF support on distributing the active NiFe-LDH homoge-
neously and also alleviates the active center agglomeration.
Moreover, the effect of freeze-drying is also reflected from the
polarization plots, representing poor activity of the without
freeze-drying sample (i.e., NiFe-LDH/NG (w/0)). All the catalysts
composed of Ni has a characteristic oxidation peak just before
starting the OER process but due to higher OER current in LSV
these peaks are not prominently visible. However, after zooming
the oxidative region these peaks can be visualized prominently
as shown in Fig. S11.f The oxidation peak at 1.4 V is derived
from the oxy hydroxyl formation of the NiFe active sites. This
peak appears mostly in the Ni based systems. When Ni is mixed
with Fe, the intensity of the peak is enhanced by the redox active
metal centers. As the conductivity and activity of the NiFe
system become low, during oxy hydroxyl ion formation, current
generated will not be much significant. In the case of the carbon
supported systems viz. NiFe-LDH/NG (w/o) and NiFe-LDH/
NEGF, intense peaks should appear. In the case of the
without freeze drying system, NiFe-LDH/NG (w/0), activity is too
low compared to NiFe-LDH/NEGF. Hence, the peak at 1.4 V for
the NiFe-LDH/NG (w/0) system is not a prominent one. On the
other hand, in the case of NiFe-LDH/NEGF, the activity is high
and so is the intensity of the peak at 1.4 V when all the synergy
works well for this system. Hence, in the case of NiFe-LDH/NG
(w/o), the self-assembly texture gets collapsed, restricting the
active center accessibility. Further, the role of N-doping in
designing a robust catalyst can also be studied by comparatively
analyzing the OER activity for NiFe-LDH/NEGF and NiFe-LDH/
EGF (w/o) (without N-doping in the carbon support matrix).
Fig. S10% presents the lower performance of NiFe-LDH/EGF (370
mV) as compared to that of NiFe-LDH/NEGF (290 mV). The
reason for such a performance variation substantiates the role
of nitrogen doping, which provides better interaction of the
active material with the support as well as its better active

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Electrochemical analysis of the as-synthesized catalysts in 1 M KOH: (a) comparative plots of the scan rate dependent double layer
capacitive current density (Cqy) at 0.91V vs. RHE; (b) the OER polarization curves recorded at the 10 mV s~ scan rate and 1600 rpm of the working
electrode; (c) Tafel plots; (d) Nyquist plots recorded for NiFe-LDH, NiFe-LDH/NEGF, 20% RuO,/C and NiFe-LDH/NEGF (w/o) at an applied
potential of 1.57 V in the AC frequency range between 100 kHz and 0.1 Hz; (e) chronoamperometric stability test for NiFe-LDH/NEGF; (f) LSV
plots recorded over NiFe-LDH/NEGF before and after the 1000 CV cycles.

material dispersion properties. Hence, N-doping helps to
improve the electrocatalytic activity by controlling the particle
size as well as facilitating a higher catalytically active center
loading. Table S3 in the ESIT summarizes the performance of
the various employed catalysts.

Kinetics for the adsorption of the reactant and intermediates
as well as desorption of the product, i.e., O, over the catalytic
site, can be examined by Tafel analysis. A lower Tafel slope
defines faster reaction kinetics, low overpotential, and higher
kinetic current density.*** The Tafel slope was obtained by
plotting the log of current density (log j) vs. potential (V) in the
OER potential range. The comparative Tafel plots for NiFe-LDH/
NEGF (68 mV dec '), NiFe-LDH (72 mV dec ), NiFe-LDH/NEGF
(w/o) (72 mV dec ) and 20% RuO,/C (68 mV dec ") have been
shown in Fig. 4c. The lower Tafel value for NiFe-LDH/NEGF
indicates better OER kinetics as compared to that of the other
catalysts. To further determine the kinetics of the electron
transport in various employed catalysts, the faradaic impedance
analysis at a particular potential (1.57 V) was performed. N-
doping in the graphitic carbon matrix is expected to give
better electrochemical activity compared to the system without
nitrogen doping due to electronic structure modulation of the
catalysts. In the revised manuscript, we have included the
electrochemical impedance measurement data in Fig. S12 in
the revised ESI,T which clearly shows a smaller charge transfer
resistance (RCT) for NrGO. This result stands out as direct
evidence of faster charge transfer during the catalytic OER
process. The comparative Nyquist plots given in Fig. 4d show
the lowest charge-transfer resistance (R.; = 46 ohm c¢m?) in the

This journal is © The Royal Society of Chemistry 2020

case of NiFe-LDH/NEGF as compared to other catalysts, RuO,
(Ree = 86 ohm cm?), NiFe-LDH (R, = 107 ohm cm?), and NiFe-
LDH/NEGF (R.; = 159 ohm cm?). The lower R value indicated
better electronic transport throughout the catalyst system owing
to a better interaction of NiFe-LDHs with the N-doped entangled
framework of graphene.

The durability of the catalyst is another vital parameter to
define its robustness, basically its lifetime. The durability of the
catalyst was measured by performing chronoamperometry and
cycling durability. The chronoamperometric test was performed
at a constant potential (a potential needed to achieve a current
density of 10 mA cm™?) with a continuous rotation of the
working electrode as 1600 rpm. Fig. 4e presents quite good
stability of the designed catalyst and shows nearly 80% perfor-
mance retention even after 20 h of continuous performance.
Fig. 4f shows the LSV plots before and after the 1000 CV stability
cycles, further supporting the higher durability of the designed
catalyst. A slight increment in the current density after the cycle
durability is basically due to the exposure of more and more
catalytic active centers during the electrochemical cycling. Such
good durability of the catalyst is attributed to the better inter-
action of the N-doped entangled graphene with NiFe-LDHs.

Conclusions

In this work, a solvothermal treatment followed by the freeze-
drying method is proposed for the synthesis of NiFe-LDHs on
the surface of the nitrogen-doped entangled graphene frame-
work (NEGF). In the presence of ammonium hydroxide, the

Nanoscale Adv., 2020, 2,1709-1717 | 1715
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formation of layered double hydroxides and nitrogen doping on
the graphitic carbon skeleton are realized in a single step.
Furthermore, freeze-drying helped to maintain the stable,
interconnected structure of the graphene sheets, leading to the
formation of the entangled structure of graphene. Establish-
ment of high surface area N-doped entangled graphene sup-
ported NiFe-LDH has been confirmed by FESEM, TEM, XRD and
BET surface area measurements. High surface area and well-
maintained porous graphene has shown higher accessibility
of gaseous reactants and electrolytes. Homogeneously distrib-
uted NiFe-LDH over nitrogen-doped graphene exhibited excel-
lent performance for the oxygen evolution reaction. This
promising OER catalytic activity can be ascribed to the following
reasons: (1) the uniform distribution of the NiFe-LDH nano-
structure in the presence of the anchoring sites on the NEGF, (2)
the synergistic effect of the bimetallic double hydroxide layer
and N-doped graphene and (3) homogeneous distribution of the
pores over the N-doped graphene. The catalyst also exhibited
outstanding catalytic stability even after 20 h of continuous
operation.
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ABSTRACT: The work reported here deals with the development
of an efficient non-platinum electrocatalyst for electrochemical
oxygen reduction reaction (ORR) through a sequential pathway
involving hydrothermal treatment followed by freeze-drying to
build the desired structural architecture of the catalyst. The
designed catalyst (Co;0,/ nitrogen-doped entangled porous 3D
graphene (NEGF)), which contains Co;0, nanorods anchored on
the surface of three-dimensional (3D)-structured N-doped
graphene, was found to display higher ORR activity during
single-electrode testing and demonstrate a Zn—air battery (ZAB)
system. Under the hydrothermal treatment at 180 °C, in the
presence of ammonia, nitrogen was doped into the carbon
framework of graphene, which subsequently formed a self-assembled entangled 3D structure of graphene after freeze-drying. The
hydrothermal treatment and freeze-drying processes were found to play vital roles in tuning the morphological and structural
teatures of the catalyst. The doped nitrogen, apart from its favorable contribution toward ORR, helped facilitate efficient dispersion
of oxide nanorods on graphene. Co;0,/NEGF displayed remarkable ORR activity in 0.1 M KOH solution, as evident from the 60
mV onset potential shift compared to the state-of-the-art Pt/C catalyst and the Tafel slope value of 74 mV dec™" vs 68 mV dec™" for
Pt/C. The ZAB fabricated by employing Co;0,/NEGF as the cathode catalyst was found to be an efficient competitor for the
system based on the Pt/C cathode. This high performance has been credited to the controlled interplay of the governing factors such
as the interfacial interactions leading to the efficient dispersion of metal oxide nanorods, increased catalyst surface area, the
cooperative effect arising from the defects present in the N-doped porous 3D graphene, and the synergetic interactions operating in
the system.

[

=
mW em?)

KEYWORDS: cobalt-oxide nanorod, N-doped entangled graphene, freeze-drying, hydrothermal, oxygen reduction reaction,
zinc—air battery

1. INTRODUCTION have triggered the scientific community to perform progressive
The strategic designing of cost-effective advanced electro- work on increasing the efficiency of Pt-based catalysts or the
catalysts with better electrocatalytic performance for the development of highly efficient low-Pt/Pt-free catalysts.”
oxygen reduction reaction (ORR) has become immensely However, most of the reported low-Pt/Pt-free systems are
important for realizing alkaline electrolyte membrane fuel cells unable to evolve as viable alternatives to the state-of-the-art Pt
(AEMFCs) and metal—air batteries (MABs) as competitive systems owing to reasons such as complicated synthesis
candidates in the energy market."”” However, the sluggish ORR chemistry, stability issues, and unreliable performance

kinetics at the cathode is considered as a significant limiting
factor in achieving the enhanced efficiency of energy
conversion from these classes of energy devices.” Platinum
nanoparticle-supported carbon (Pt/C) materials are primarily
used as electrocatalysts for promoting ORR in real systems,
which are still suffering from high-cost and low stability under

characteristics.”” Therefore, industries are still compelled to
depend on Pt catalysts all the while indulging in active research
and development efforts for developing reliable and high-
performance low-cost Pt-free ORR catalysts.”

operating conditions.” Normally, the ORR process is known to Received:  January 20, 2021
be slow; even though the ORR kinetics can be improved by Accepted: April 7, 2021
increasing the Pt/C catalyst loading, this cannot be taken as a Published: April 20, 2021

practical solution owing to the exorbitant cost of Pt catalysts."
In addition, the less availability of Pt (37 ppb in Earth’s crust)
and its expensiveness (US$32.4 g™' as 2019 average price)

© 2021 American Chemical Society https://doi.org/10.1021/acsaem.1c00210
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Among the various non-Pt systems explored for ORR,
extensive studies have been carried out in the last few decades
focused on the nonprecious transition-metal-based oxides and
hydroxides.9 Among the various transition-metal (Fe, Co, Mn,
and Ni) systems, the oxides of cobalt received enormous
attention as ORR electrocatalysts because of their favorable
electronic structure.'””"* Based on the current advances in
cobalt oxides, spinel and perovskite structures of cobalt oxides
are being explored for electrochemical device applications in
recent times.” Among these, the spinel-structured cobalt oxides
have gained particular interest toward electrocatalytic
applications.” The spinel structure mixed valency of Co in
Co;0, (ie, Co* and Co®") plays a vital role in the face-
centered cubic (fcc) crystal structure.*'® Moreover, in the
normal spinel structure (AB,0O,) of Co;0,, the mixed-valency
cations are distributed in the octahedral and tetrahedral sites.

In Co;0,, 1/ of the tetrahedral A sites and % of the octahedral

sites are occupied by Co** and Co®" ions, respectively.'#"* The
mixed valency of cobalt helps in establishing a better electron-
transport mechanism and thereby toward preferable electro-
chemical activity.'® Furthermore, as a means to improve the
intrinsic ORR characteristics, recently, shape- and size-
controlled designing of metal-oxide-based catalysts has also
been executed as a strategy, and interesting performance fine-
tuning could be realized.'>” %% Considering the fact, the
shape- and size-controlled modifications of cobalt oxide
nanoparticles help in achieving promising electronic enhance-
ment, which assists to realize improved catalytic performance
and durability."’ ™" Previously, various shape- and size-
controlled cobalt oxide morphologies (cubic,” truncated
octahedron,*’ polyhedron,20 and nanorodm) have been
reported for electrocatalytic ORR processes.” Among them,
the nanorods of cobalt oxide have become an interesting class
of the one-dimensional (1D) morphology that helps facilitate
rapid charge transport and also assures adequate diffusion of
the reactants.”””" However, cobalt oxide-based electrodes
suffer from the limitation of poor electronic conductivity,
which detrimentally affects their prospects to serve as potential
electrocatalysts.”**> The incorporation of conducting carbon
support to cobalt oxides has been adopted as a viable strategy
to overcome the conductivity-related limitations of these
classes of systems.m’zs’26

Despite promises the nanorods of Co;0, offer as an effective
ORR catalyst, these morphologies need to be dispersed on a
carbon substrate to tackle the issues related to conductivity and
aggregation simultaneously.”> Among the various carbon
supports, graphitic carbons show optimum activity as well as
durability. There are few previous reports suggesting the
synthesis of different cobalt oxide nanoparticle-based systems
supported over nitrogen-doped graphitic carbon formed
through various hi§ —/low-temperature in-situ/ex-situ meth-
ods. Jasinski, et al'* reported the ORR activity of a cobalt-
based metal-N—C catalyst prepared by the pyrolysis of cobalt
phthalocyanine along with separate metal, nitrogen, and
carbon precursors. Although the activity and durability of
such catalysts have been improved with time, identifying the
active-site structure still lagged because of the lack of the
crystallographic order of metal atoms and the simultaneous
presence of crystalline metal phases.”” Hence, high-temper-
ature methods that control the structural and morphological
features of metal centers and carbon substrates are not
preferably feasible.”” Considering the low-temperature meth-

4571

od, the anchoring of active catalytic sites (metal oxides) on
two-dimensional (2D) graphene (Gr) has emerged as a
promising strategy because of the interesting features of Gr
and the desirable morphological features of Gr-based
composites. For example, Gr offers a theoretical surface area
as high as ~2630 m® g™ as well as excellent electrical
conductivity.”*>****" However, practically, their electro-
catalytic surface area (ECSA) is affected by the Gr layers
because of a well-known restacking issue.”” Conventional
approaches for constructing interfaces between the two
different components have followed the method of epitaxial
growth under solution conditions in which the substrate’s
crystal surface and the epitaxial interfaces should be precisely
controlled.>**! Nevertheless, these approaches suffer from
tedious multistage processes, substantial waste of metal species,
and low yields, which ultimately hinder the large-scale
production of the systems.*!

Hence, looking at the difficulties in the synthesis of Co;0,
nanorods along with their proper dispersion on the Gr support,
we, here, report an easy and scalable procedure involving the
dispersion of Co;0, nanorods on nitrogen-doped entangled
porous 3D graphene (NEGF) by utilizing the electronegativity
difference of doped N to act as efficient anchoring sites for the
metal oxide nanoparticles.’”” The rationally designed NEGF
functioned as an anchoring-cum-active substrate, which
ensured both the homogeneous distribution of Co;0,
nanorods and favorable modulation toward ORR. We have
introduced a sequential pathway involving hydrothermal
treatment followed by freeze-drying to build the desired
structural architecture of the catalyst containing a Co30,
nanorod anchored on NEGF (Co;0,/NEGF). The realistic
validation of the catalyst as a versatile cathode for Zn—air
batteries (ZABs) could be subsequently performed, which is
found to be competing well with a similar system based on the
Pt/C catalyst.

2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt acetate tetrahydrate [Co(OAc),-4H,0],
potassium permanganate (KMnO,), graphite, and ammonium
hydroxide (NH,OH) were purchased from Sigma-Aldrich. Phos-
phoric acid (H;PO,) and sulphuric acid (H,SO,) were procured from
Thomas Baker. All the chemicals were used as such without any
further purification.

2.2. Synthesis of Graphene Oxide. For the synthesis of
graphene oxide (GO), improved Hummer’s method was employed.*
In brevity, 3 g of graphite powder and 18 g of KMnO, were mixed
well using a mortar and pestle. After proper mixing, the resulting
powder was slowly added to the flask containing a solution of
H;PO,:H,SO, (1:9) under an ice bath environment. After complete
transfer of the solid combination, the temperature of the reaction
mixture was increased slowly up to 60 °C, and the mixture was
continuously stirred for 12 h at a constant temperature. After
completing the reaction, the mixture was held for a few hours with
continuous rotation to cool to room temperature. The resulting
reaction mixture was slowly poured into ice-cooled water containing
3% H,0,, which became a yellowish solution. Furthermore, the
obtained solution was washed several times with copious amount of
distilled water, followed by centrifugation at 10,000 rpm. The
obtained solid residue was further washed with 30% HCI to remove
any metal impurities, followed by washing with plenty of water to
neutralize the acidic pH and wash off the impurities. Finally, the
collected dark chocolate-colored, highly viscous solution was washed
with ethanol and diethyl ether and kept in an oven for drying at 40 °C
to obtain the GO powder.

2.3. Synthesis of C0o;0,/NEGF. For the synthesis of the active
catalytic material, 90 mg of the as-prepared GO was added to 30 mL
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of an aqueous solution of ammonia (30% v/v) by maintaining the
ratio of 3:1 via overnight stirring and water-bath sonication.
Co(OAc),4H,0 was added to the solution after the full dispersion
of GO, and the mixture was kept on stirring for another 6 h. Initially,
at a low concentration of ammonia, cobalt ions reacted with ammonia
and formed Co(NH;)¢*", which led to the change of the color of the
solution from pink to green (see the color change of the solution in
the Supporting Information, Figure S1). Further changing the pH of
the solution in the presence of air causes the oxidation of Co(NH,)¢**
to Co(NH,)s>*. However, when the concentration of hydroxyl ions
increases, Co®" ions react with hydroxyl ions (as the solubility product
of Co(OH); = 1 X 10™*), resulting in the formation of Co(OH);.*°
The well-mixed reaction mixture was transferred into a Teflon-lined
autoclave, and the system was kept for 12 h at 180 °C. Co(OH),
facilitates the growth of the nanorod structure of Co;O, during the
hydrothermal treatment.”® After completing the reaction, the mixture
was allowed to cool to room temperature naturally, followed by
washing the obtained materials with copious amount of water to
eliminate the excess ammonia. The resulting sample was also vacuum
freeze-dried at —52 °C for 10 h. After the freeze-drying process, the
powder sample was collected, which adopted a flaky and light texture,
and the sample was designated as Co;O,/NEGF. The employed
method is a simple and fast process that is promising for scaling up to
larger applications. For comparing the catalytic activity during
electrochemical investigations, controlled samples like NEGF and
Co;0, nanorods were synthesized using the same methods without
adding any metal precursor and graphene oxide. The detailed physical
and electrochemical characterization techniques adopted for inves-
tigating the systems are mentioned in the Supporting Information
(Experimental Section 1.1, 1.2, and 1.3).

3. RESULTS AND DISCUSSION

The stepwise procedure involved in the synthesis of Co;0,/
NEGF and its applications as the cathode material for ZAB
fabrication is presented in Scheme 1. The hydrothermal
treatment was performed after facilitating the anchoring of
cobalt (Co*") and ammonium (NH,") ions on the surface of
GO. The adsorption of the positively charged ions over GO is
enabled because of the electronegativity difference of the oxy/

Scheme 1. Schematic Presentation of the Stepwise Synthesis
Strategy Developed to Obtain the Co;0,/NEGF Catalyst
Followed by the Fabrication and Demonstration of the Zn—
Air Battery

Co(OAc),4H,0
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carboxy functional groups present on the GO. The GO
anchored with the Co®" ions was subjected to the hydro-
thermal treatment at 180 °C, which facilitates the in-situ
formation and the dispersion of Co;0, nanorods on N-doped
reduced GO. This was followed by freeze-drying to establish
the self-assembled structure of the metal oxide nanorods
bearing NEGF. In the process, the negatively charged GO
surface interacts with the positively charged metal ions and
thus mobilizes their adsorption during continuous stirring at
room temperature. As the hydrothermal process proceeds at
high temperature and pressure, the metal ions gradually
become nucleated, resulting in the formation of Co;0,
nanorods anchored over the N-doped reduced GO. The
crucial freeze-drying step adopted subsequent to the hydro-
thermal process helps establish the 3D-interconnected
morphology (Co;0,/NEGF), ensuring a high surface area
and accessible porous architecture to the catalyst. With the
help of field-emission scanning electron microscopy (FESEM),
X-ray micro-CT, high-resolution transmission electron micros-
copy (HRTEM), and electron energy loss spectroscopy
(EELS) studies, a detailed structural analysis of the prepared
catalyst was carried out. As mentioned before, the freeze-drying
step induces porosity in the entangled reduced GO, which
could be evidenced in the FESEM images presented in Figure
1. Figure 1a represents the FESEM images of the pristine GO,
which exhibits the presence of stacked graphene sheets.
However, the role of the adopted freeze-drying process to
accomplish the 3D interconnected nature of NEGF in bare
NEGF and Co;0,/NEGEF is evident in the FESEM images
presented in Figure 1b,c, respectively. The distribution of the
Co03;0, nanorods is visible in the more focused view of the
FESEM image presented in Figure S2a, ESL This surface
aligned growth points toward the influence of the oxy-
functional groups of GO for facilitating the metal-ion
adsorption followed by the nucleation process to accomplish
the well-distributed growth of the Co;0, nanorods during the
hydrothermal treatment. In addition, FESEM imaging revealed
the formation of a well-connected network of the nitrogen-
doped graphene sheets, which originated from the self-
assembling process under the reaction conditions.

To unveil the 3D microstructures of GO, NEGF, and
Co;0,/NEGEF, an X-ray micro-CT imaging technique has been
employed (Figure 1d—f, Section S2b, ESI). The 3D micro-CT
image of GO presented in Figure 1d shows randomly oriented
GO sheets, which also support the findings in the FESEM
image of GO (Figure la), validating the presence of the
stacked graphene sheets in pristine GO. On the other hand, the
3D micro-CT image of NEGF (Figure le) shows a haystack-
like structure. This points toward the vital effect of the freeze-
drying method toward the formation of a porous 3D structure.
Furthermore, advanced segmentation-based image analysis
showed a significant amount of porosity (approximately
58%) in NEGF. The porous microstructure of NEGF has
resulted in a higher surface area as compared to its precursor
(GO). The 3D micro-CT image of Co;0,/NEGF (Figure 1f)
also shows the 3D spatial distribution of the Co;0, particles
(Figure 1f highlighted with blue circles) over the NEGF
sheets. With the aid of a gray-scale histogram and mean
intensity projection (MIP), the Co;0, particles present in the
3D micro-CT image of Co;0,/NEGEF are visualized separately
in Figure S2b, ESI. The observed 3D micro-CT image shows
the true spatial distribution of the Co;0, particles over the
NEGF sheets. Because of the limitations induced by the micro-
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Figure 1. Field-emission scanning electron microscopy (FESEM) and the corresponding volume-rendered 3D micro-computed tomography (CT)
images: (a) FESEM images of GO showing the stacked nature of the sheets in their pristine form; (b, c) FESEM images of NEGF and Co;0,/
NEGEF, respectively, displaying the porous architecture of the entangled 3D graphene sheets; (d) 3D micro-CT images of GO showing the
randomly oriented stacks of individual GO sheets; (e) NEGF showing the microporous 3D structure of the entangled graphene; (f) Co;0, with
bright dots in the image representing the distribution of Co;0, over the NEGF sheets, where few such dots are encircled for easy recognition (grid
size is 100 microns).

Carbon Nitrogen

Figure 2. Transmission electron microscopy (TEM) images and the elemental mapping of Co;0,/NEGF: (a, b) TEM image of Co;0,/NEGF
displaying the distribution of Co;0, nanorods over the surface of the transparent sheets of NEGF (Inset of (b): SAED pattern showing the
crystalline nature of Co;0,); (c) focused image of a single Co;0, nanorod recorded for performing elemental mapping; (d-g) elemental analysis of
Co;0,/NEGEF displaying the distribution of cobalt along the focused nanorod and oxygen, carbon, and nitrogen in the system.

CT resolution (1 micron), the shape of the Co;0, particles is which is 10% lower than its precursor (NEGF), and this
not resolved. Co;0,/NEGF has approximately 48% porosity, reduction is attributed to the distribution of the metal oxide
4573 https://doi.org/10.1021/acsaem.1c00210
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Figure 3. (a) Comparative powdered X-ray diffraction (PXRD) patterns of NEGF and Co;0,/NEGF showing diffraction planes corresponding to
the spinel lattice of the Co;0, nanorods; (b) Raman spectra of NEGF, Co;0,, and Co;0,/NEGF; (c) comparative pore-size distribution profiles
of NEGF and Co;0,/NEGF showing the mesoporous nature of the prepared catalyst; (d) survey scan XPS spectra of NEGF and Co;0,/NEGF
confirming the presence of C, N, O, and Co in the respective systems; (e, f) high-resolution deconvoluted XPS spectra of Co 2p and N 1 s states of

Co,0,/NEGF.

nanoparticles over NEGF. GO and Co;0,/NEGF sheets
showed an aspect ratio of 2:1 (length to width), as measured
from their 2D micro-CT to their precursors (GO). Overall, the
micro-CT images point towards the versatility of the catalyst
synthesis steps in retaining the 3D structure of the products.
The TEM images of Co;0,/NEGF are shown in Figure 2a,b
and Figure S3, ESL These images clearly depict the aligned
distribution of the Co;0, nanorods along the surface of
NEGF. It should be noted that while some rods are clearly
visible on the graphene surface (Figure 2a,b), few others have a
hazy appearance. The possible reason for the ambiguity in the
visibility is that while the nanorods are distributed in the self-
assembly structure of the entangled graphene, a significant
amount would be lying toward the inner side of the graphene
sheets, thereby partially masking them. The high-magnification
TEM image presented in Figure 2¢ clearly shows the nanorod
structure of Co;0,. The nanorods are found to possess a
length of ~120 nm and a radius of ~5 nm. The selected-area
electron diffraction (SAED) pattern is shown in the inset of
Figure 2b; the pattern displays a well-characterized diffraction
ring corresponding to the polycrystalline nature of the Co;0,
nanorods.”””> The observed diffraction rings are ascribed to
the (002), (220), (400), (511), and (440) planes of the Co;0,
nanorods.**?*? Figure 2c, Figure S4a and b, ESI, represent the
focused HRTEM images of a single Co;0, nanorod recorded
to perform elemental mapping. The corresponding data
presented in Figure 2d—g exhibit the presence and distribution
of Co, O, C, and N, and this goes well with the expected
composition of the catalyst.

The X-ray diffraction (XRD) profile of NEGF (Figure 3a)
displays broad diffraction peaks at the 26 values of 26 and 43°

4574

corresponding to the (002) and (100) graphitic diffraction
planes of the reduced GO.*>” The presence of metal impurities
could be ruled out from the absence of any other diffraction
peaks in the sample. The PXRD profile of Co;0,/NEGF
shows comparatively intense and prominent peaks correspond-
ing to the (311) plane of Co;0,, which matches well with the
data in JCPDS card no: 00—042-1467.”>>>** The presence of
these phases confirms the spinel structure possessed by the
Co;0, nanorods. As expected, Co;0,/NEGF also shows the
peak corresponding to the (002) plane of the NEGF substrate,
which appears as a broad peak at the 26 value of 24.5°. A small
shift of the graphitic peak corresponding to the (002) plane in
Co;0,/NEGF toward a lower diffraction angle (Figure 3a) in
comparison to the pristine NEGF has been observed. This is
ascribed to the increased d-spacing of the graphene layers
because of the insertion of Co;0O, nanorods in between the
graphene layer.”* The introduced defects in the porous N-
doped 3D graphene support were further explored by Raman
spectroscopy (Figure 3b). The D-band peak appeared to
resemble the graphitic lattice vibration mode with the A,
symmetry at a wavenumber of 1350 cm™', while the G-band
peak at 1590 cm™! corresponds to the E,, symmetry graphitic
lattice vibration mode.>® It should be noted that the D-band in
the Raman spectra stands out as an indication of the
introduced defects in the graphene framework, whereas the
G-band describes the orderliness in the graphene.” In order to
check the extent of the defects in the supported conducting
carbon materials, the Ip/I; ratio of the samples has been
calculated, which was found to be 1.25 for NEGF and 1.33 for
Co;0,/NEGF. A more graphitic structure would be helpful for
ensuring better electrocatalytic activity as well as durability.
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Furthermore, the incorporation of defects creates nucleation
sites for metal oxide growth, leading to improved dispersion of
the active sites and concomitantly high performance.”
However, a considerable higher extent of defects can affect
the stability of the carbon support. This points toward the need
of an optimized level of graphitization and defects in the
conducting support for ensuring improved overall catalytic
performance as well as durability. The observed defect to the
graphitic peak ratio in the case of NEGF (Ip/I; = 1.25) is
higher than that in the case of GO (Ip/Ig = 1.0). This shows
that the defective sites are predominant in the case of NEGF as
compared to GO. Furthermore, the Raman spectra analysis of
Co;0, (Figure 3b) shows the presence of peaks at 400—600
cm™, corresponding to the vibrations of the Co—O bond in a
different plane of Co0;0,."* A similar peak is observed in the
case of Co;0,/NEGF; however, in this case, the peak intensity
is slightly lower compared to the pristine Co;O, presumably
because of the carbon support effect. However, the defective
peak intensity is more prominent in Co;0,/NEGF as
compared to NEGF. The introduced higher defects in
Co0;0,/NEGF compared to NEGF are due to metal oxide
growth during the in-situ conditions.”’ The observed higher
Ip/Ig ratio in the case of the metal oxide-supported catalyst
stands out as substantiating evidence toward the presence of
the comparatively high density of the defective sites in the
system, which is found to assist the system in enhancing its
catalytic activity.*®

For further understanding of the role of freeze-drying toward
improving the surface area of the catalyst as well as increasing
the number of porous channels, BET surface area, and pore
size distribution analyses have been performed (Figure 3c, and
Figure SS, ESI). The comparative pore size distribution
profiles of NEGF and Co;0,/NEGF are shown in Figure 3c.
The pore size distribution analysis shows pore distribution in
the range of 2 to 5 nm in both NEGF and Co;0,/NEGF, but
the former clearly showed high-intensity pore distribution in
the mesoporous size range of 2—7 nm. Additionally, NEGF
shows a higher BET surface area of 450 m> g_l, confirming the
remarkably accessible and porous structure of the material, as
visualized from the FESEM images. However, the BET surface
area of Co;0,/NEGF is found to be decreased substantially to
95 m” g7!, suggesting the blockage of the pores and the
masking of the surface of the substrate in the presence of
dispersed metal oxide moieties. Both NEGF and Co;0,/
NEGF showed type-IV isotherms (Figure SS, ESI).”” The
prepared Co;0,/NEGF catalyst contains almost 35% of the
cobalt oxide nanorods of dimensions 120 nm in length and 12
nm in width responsible for lowering the overall BET surface
area. In this case, most of the porous carbon surfaces are
covered with metal oxide nanorods which have a lower surface
area (~45 m* g™'), as shown in Figure S6, ESL In this case, the
carbon surfaces loaded with Co;0, entities are not exposed
completely to the adsorption of gas molecules, which affect the
total cumulative volume of Co;0,/NEGF (Figure 3c). The
defective sites and high porosity of the prepared catalyst are
expected to allow seamless and fast diffusion of the reactants
and electrolytes during electrocatalysis. This advantage is a
determining factor in accomplishing the obtained higher
electrocatalytic activity in the present case, as can be seen in
a later section.

The total metal oxide active-site loading in Co;0,/NEGF
was determined by performing thermogravimetric analysis
(TGA). The measurement was performed by sampling from 25
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to 900 °C at a scan rate of 5 °C per minute in the oxygen
atmosphere. Figure S7, ESI displays the TGA weight loss
profiles for NEGF and Co;0,/NEGEF, indicating a cobalt oxide
loading of ~35.4% in the latter case.’

The insightful information on the nature of the surface
moieties and the characteristics of electronic interactions
operating in the prepared system has been gained by
employing X-ray photoelectron spectroscopy (XPS) measure-
ments. Figure 3d shows the survey scan spectra of NEGF and
Co;0,/NEGF, which confirm the presence of Co, O, N, and C
in the systems from the characteristic binding energy peaks. In
both the systems, C, O, and N appear as the common elements
in the binding energy (BE) values at 284.8, 531.5, and 400.5
eV, respectively. The XPS peaks that appear between 0 and
200 eV correspond to Si because silicon wafer was employed as
the support to the samples during the analysis. The observed
two peaks at 100 and 150 eV correspond to the Si 2 s and Si 2p
states. The characteristic peak corresponding to Co in the case
of Co;0,/NEGF appeared at the BE value of 784.2 eV.”® The
C and N peak intensities in Co;0,/NEGF are found to be
decreased because of the Co;0, coverage over NEGF. The
comparative deconvoluted XPS spectra of NEGF and Co;0,/
NEGF are studied for gaining insightful information of C 1 s,
N 15, O 1s, and Co 2p. The deconvoluted Cls spectra of
NEGF displayed various peaks corresponding to C—C (283.5
eV), C=C (284 eV), C—N/C=N (287.5 eV), and C-O
(291.5 eV), with different BE values because of the particular
chemical environment of carbon, as shown in Figure S8a,
ESL* Similarly, the deconvoluted Cls spectra of Co;0,/
NEGF displayed peaks corresponding to C—C (283.5), C=C
(284), C—-N/C=N (287.5 V), and C—O (291.5), with
similar BE and small change in intensities because of the
presence of Co;0, as shown in Figure S8b, ESI. The peak
intensities of the C—C and C—O bonds are higher than those
of the C=C and C=N bonds in the case of Co;0,/NEGF
compared to NEGF because of the lower extent of
graphitization in the presence of Co;O, nanorods. This
observation is in accordance with the information gained
from the Raman analysis.

The deconvoluted N 1 s spectra of NEGF, as shown in
Figure S8c, ESI, displayed pyridinic-N at 398.6 eV (32.9%)
and pyrrolic-N at 399.7 eV (41.6%) as the major moieties
along with smaller proportions from the graphitic-N at 400.5
eV (19.3%) and NH,* at 405.5 eV (15.9%). Furthermore,
Figure 3e shows the deconvoluted N 1 s spectra of Co;0,/
NEGF. The deconvoluted peaks of Co;0,/NEGF suggest that
the N-doping in the graphene matrix remains the same during
the in-situ loading of Co;0, along with the presence of
pyridinic-N at 398.6 eV (41.6%), pyrrolic-N at 399.7 eV
(32.9%), graphitic-N at 400.5 eV (19.3%), and NH,* at 402.5
eV (15.9%). The doped nitrogen in the graphene framework
regulates metal oxide nanorod growth kinetics during the
catalyst synthesis process. The Co 2p spectra of Co;0,/NEGF
showed two peaks (Figure 3f) at the BE values of 783.1 and
798.8 eV with a band separation of ~15.7 eV. The peak
separation of 15.7 eV is the characteristic feature of Co;0,.
These deconvoluted spectra show the two spin—spin coupling
peaks for peaks corresponding to the Co 2p;,, and Co 2p,,
states of Co, thus pointing toward the existence of the +2 and
+ 3 oxidation states, respectively, in the system.”®*”**

The obtained catalyst was further explored for the
electrochemical ORR performance by adopting a set of
electrochemical techniques. The measurements were first
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Figure 4. Electrocatalytic performance evaluation of Co;0,/NEGF and the control samples (Co;0, and NEGF) toward ORR in comparison to the
state-of-the-art (Pt/C) catalyst: (a) comparative cyclic voltammetry(CV) profiles recorded for NEGF, Co;0,, Co;0,/NEGF, and Pt/C in N,/O,
saturated 0.1 M KOH at 900 rpm of the working electrode (WE); (b) linear sweep voltammetry (LSV) profiles of Pt/C, Co;0,/NEGF, Co;0,,
and NEGF recorded at an rpm of 1600 of the WE displaying onset potentials at 1.0, 0.94, 0.80, and 0.65 mV, respectively, with respect to RHE; (c)
Tafel plots constructed for Co;0,/NEGF and Pt/C with the measured slopes of 74 and 68 mV dec™, respectively; (d) Rotating ring disc electrode
(RRDE) analysis of Pt/C and Co;0,/NEGF displaying the amount of H,0, generated and the electron transfer number (n-value) corresponding
to the ORR process; (e, f) accelerated durability test (ADT) data of Co;0,/NEGF and Pt/C.

recorded using Hg/HgO as the reference electrode, and
potentials were converted to the reversible hydrogen electrode
(RHE) scale based on the methodology discussed in Section
1.4, ESL The cyclic voltammogram recorded for Co;0,/
NEGEF under the O,-saturated 0.1 M KOH electrolyte at a WE
rotation speed of 900 rpm displays an ORR onset potential at
0.94 V vs RHE, which is found to be only 60 mV lower
compared to the onset potential of 1.00 V vs RHE recorded for
the state-of-the-art Pt/C catalyst (Figure 4a). On the other
hand, a much large shift of the onset potentials toward a higher
overpotential has been observed for NEGF (0.80 V vs RHE)
and Co;0, (0.65 V vs RHE), as shown in Figure 4a. The CV
profile of NEGF (Figure 4a) follows a notable capacitive
nature, which results from the high surface area acquired by the
3D graphene morphology resulting from the freeze-drying
process.”’ Furthermore, to distinguish the effect of working
electrode rotation toward exposing the greater number of
active sites, we have carried out CV experiments with (w) and
without (w/o) the rotation of the catalyst-coated rotating disc
electrode (RDE). Figure S9, ESI shows the CV profiles of
Co;0,, NEGF, Co0;0,/NEGE, and 20% Pt/C recorded at the
conditions w and w/o the rotation of the working electrode in
the oxygen-saturated 0.1 M KOH solution at the scan rate of
50 mV/sec. In both the cases, Co;0,/NEGF displays an ORR
onset potential of 0.60 V vs RHE. However, in the case of the
experiment with the rotation of the electrode at 900 rpm, the
change in the limiting current density reveals the improved
mass transport of the reactant to the active sites. This points
toward the enrichment of the catalyst sites with the higher
concentration of surface O, during the hydrodynamic
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movement of the electrolyte as a result of the rotation of the
electrode. To gain more precise information on the intrinsic
activity characteristics of the systems toward ORR, the linear
sweep voltammograms (LSVs) were recorded in the RDE
mode. The LSVs were recorded under O,-saturated conditions
for Co;0,/NEGF, Co;0,, NEGF, and Pt/C (Figure 4b) by
maintaining the rotation speed of the WE at 1600 rpm and
performing the voltage scan at the rate of 10 mV s™'. The
comparative LSV profiles presented in Figure 4b clearly display
the superior ORR performance achieved using Co;0,/NEGF
in comparison to the control samples, viz., Co;0, and NEGF.
With an onset potential of 0.94 V vs RHE (accounting only 60
mV overpotential compared to Pt/C) and a well-featured LSV
profile, Co;0,/NEGF could emerge as a potential contender
as a non-Pt electrocatalyst for ORR. The half-wave potential
(E,/,) of Co;0,/NEGF (0.80 V vs RHE) is also found to be
very close to that of Pt/C (0.90 V), which stands out as a
quantitative indicator pointing toward the efficacy of the
system to perform under more demanding conditions of
reasonable current dragging. Table S1, ESI summarizes the
values of the onset potential and E;,, for all the systems
compared in this study. Associating the drastic difference in the
ORR performance characteristics of Co;0, and Co;0,/NEGF
toward ORR, it can be clearly understood the huge advantage
incurred by the supported system through the cooperative and
synergistic effects originated from the metal oxide—support
interactions. The controlled interplay originated from factors
like the rough surface and nanorod morphology of Co;O,, the
3D-morphology of the substrate with its ability for ensuring
seamless mass transport, and the modulations incurred through
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Figure S. ZAB fabrication, performance evaluation, and demonstration: (a) schematic representation of the fabricated ZAB (cathode catalyst
loading: 1.0 mg/cm?; anode: zinc powder; separator: Celgard membrane soaked with 6 M KOH); (b) polarization plots recorded on the ZABs
fabricated by employing Co;0,/NEGF and Pt/C as the air electrodes; (c) long-term galvanostatic discharge curves of the ZABs with Co;0,/
NEGF and Pt/C as the cathode catalysts until complete consumption of the anodic zinc powder; (d) galvanostatic discharge capacity of the battery
after normalizing with the consumed amount of zinc powder used for the fabrication of the ZABs; (e) demonstration of the assembled ZAB
displaying the voltage of the two cells connected in series showing the voltage of 2.744 V, as measured using a multimeter; (f) digital photograph of
the LED illuminated using the ZAB containing Co;0,/NEGF as the cathode catalyst.

the electronic interactions in the dispersed state is emerging as
the beneficial factor for Co;0,/NEGF. To understand the
morphological effect of Co;0, toward the ORR activity, the
prepared catalyst performance was compared with that of the
previously reported catalysts (Table S2, ESI). Comparative
studies show that Co;0,/NEGF exhibits comparable activity
and even higher activity in some cases.

Tafel slope is another important quantifiable parameter to
understand the ORR kinetics. Tafel analysis has been
performed for Co;O,/NEGF and Pt/C by following the
standard procedure (Figure 4c). Co;0,/NEGF displays a Tafel
slope of approximately 74 mV dec™} nearly comparable to 68
mV dec™! measured for Pt/C. The observed Tafel slope values
for NEGF and Co;0, are 92 and 108 mV dec™’, respectively
(Figure S10, ESI). The higher Tafel slope values of NEGF and
Co;0, compared to Co;0,/NEGF suggest the slower ORR
kinetics involved in the catalytic process over these systems. A
critical issue with the existing several non-Pt electrocatalysts for
ORR is the parallel involvement of the parasitic 2e- reduction
process leading to the formation of H,0, along with the
desired 4e- reduction, resulting in the formation of H,O. The
limitation of this possibility has been ruled out in the present
case by performing a rotating ring disc electrode (RRDE)
analysis, which indicated an H,0, yield of less than 6%. In the
RRDE data presented in Figure 4d and Figure S11, ESI, the
peroxide species (HO,—) generated during the ORR cycle was
investigated and quantified. From Figure 4d and Figure S12,
ESI, H,0,% is found to be remaining below 6% with only
marginal variations across the potential window. The
percentage of H,0, generated in the case NEGF is around
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3%, and that on Co;0, is around 28% at 0.60 V with respect to
RHE. (Figures S13, S14 ESI). Although the percentage of
H,0, formation is higher in the individual electrocatalysts
compared to the composite (Co;0,/NEGF), the relatively
higher percentage of H,0, formation in Co3;0, is due to the
hindered electronic transport because of the lower conductivity
of the metal oxide.”® The obtained low H,0, generation in the
case of Co;0,/NEGF has been further substantiated from the
calculated number of electrons (represented as ‘n-value’ in
Figure 4d) of 3.75 in the case of Co;0,/NEGF (compared to
3.98 for Pt/C), which indicates the dominance of the water-
formation pathway (4e- transfer) in the reduction process. An
accelerated durability test (ADT) of Co;0,/NEGF in
comparison with Pt/C has been performed by subjecting the
system under potential cycling between 1.2 and 0.80 V (RHE)
at 100 mV s™! in the O,-saturated 0.1 M KOH condition. The
purpose of this study was to understand the electrochemical
stability of the system under corrosion-induced conditions,
which can lead to a catastrophic failure of the morphological
features and result in concomitant variations in the key
performance indicators. The ADT data corresponding to
Co0;0,/NEGF and Pt/C are presented in Figure 4ef. As can
be seen from the ADT profiles, Co;0,/NEGF could survive
better under the triggered condition compared to its Pt/C
counterpart, inferring better structural endurance possessed by
the former.

This can be quantitatively evaluated from the E,/, value
change of the systems subsequent to ADT, where the drop
observed in the case of Co;0,/NEGF is only 12.2 mV
compared to 40.5 mV incurred by Pt/C. It is known that
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conventional carbon is prone to corrosion under the ORR
conditions, which can lead to catalyst fouling, particle
aggregation, and dissolution. While replacing carbon with
NEGEF, the process enhances the binding interactions between
the metal nanoparticles and graphene with the help of its
functionalized and heteroatom-incorporated binding centers.”®
The observed differences in the chemical and physical
properties of the Co;0,/NEGF catalyst before and after
ADT are responsible for the minimal variation in the E,, of 12
mV, which is very less in comparison to that of the Pt/C
catalyst (40 mV) (Figure 4e,f). The post durability analysis of
the Co;0,/NEGF catalyst has been performed by the physical
characterization of the precycled sample. The TEM analysis of
the pretreated sample clearly shows the intact distribution of
the Co;0,4 nanorod as similar to the pristine Co;0,/NEGF
case. However, surface roughness along with the thin-layer
formation over Co;0, nanorods (Figure S15a,b ESI) was
evidenced, revealing textural changes in the supported Co;0,
nanorods. The changes in the crystalline phase of Co;0,/
NEGF after ADT were observed by the XRD analysis (Figure
S15¢, ESI). The XRD analysis revealed that the surface is
covered with a thin layer of Co(OH),, which was verified by
the presence of the mixed phase of Co;0, and Co(OH),
peaks.*® The observed diffraction peaks are ascribed to the
(002), (220), (400), (511), and (440) planes of the Co;0,
nanorods.””*® It is suppressing the more active (311) peak of
Co;0, after 5000 cycles with the concomitant formation of a
more active (100) peak for Co(OH),.*>*” In addition, the XPS
analysis of the sample further supgorted the presence of
Co(OH), (Figure S15d,e, ESI).*>*** After the durability test,
further deconvoluted Co 2p spectra analysis suggested the
change in the electronic state, as evidenced from the change in
the Co peak position (Figure S15e, ESI).***’ The
deconvoluted XPS spectra of Co;0, after ADT evidenced
the presence of three different forms of Co ions. Furthermore,
to evaluate the dissolution of Co;O, during the catalytic
performance, the inductively coupled plasma (ICP) analysis
(Table S3, ESI) of post ADT Co;0,/NEGF was performed.
The amount of cobalt present in the post ADT sample is close
to that in the as-prepared Co;0,/NEGF catalyst with a minute
change in Co (~1%). Hence, in the longer run, the in-house
catalyst is expected to outperform the Pt/C system both in
terms of performance and durability under a realistic system-
level demonstration. The high intrinsic ORR activity displayed
by Co;0,/NEGF in the single-electrode mode could be
further translated in terms of performance in the device level in
a ZAB. As shown in Figure Sa, the ZAB consists of the ORR
catalyst-coated gas—carbon diffusion layer (GDL) as the
cathode, zinc powder as the anode, and 6 M KOH as the
electrolyte. During the operation of the ZABs, diffused oxygen
through the porous air cathode reduces to OH™, which
subsequently travels toward the anode through the electrolyte
to facilitate the oxidation of Zn to form its hydroxide and
oxide. The released electron during the oxidation process of Zn
flows through the outer circuit and establishes the flow of
electric current.”***' In the present case, the cells based on
Co0;0,/NEGF and Pt/C are found to display the open-circuit
voltage (OCV) values of 1.31 and 1.40 V, respectively, which is
in good agreement with the performance recorded during the
half-cell mode of operation (Figure Sb). The performance of
the demonstrated system is comparable to that of the ZAB
systems reported in the literature (Table S4, ESI). The
comparative steady-state cell polarization (Figure Sb) leads to
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maximum power densities (P,,,,) of 190 and 210 mW cm ™2,
respectively, for the ZABs based on Pt/C and Co;0,/NEGF as
the cathode catalysts. It is interesting to note that although the
OCYV for the cell based on Co;0,/NEGF is lower as compared
to the counterpart system based on Pt/C, the performance of
the former gradually improves and outperforms the later. This
is expected to be realized from the intrinsic advantage of
Co0;0,/NEGF as the ORR catalyst in terms of mass transport
governed by the porous 3D architecture of NEGF.
Furthermore, the galvanostatic discharge curve recorded at
10 mA cm > (Figure Sc) points toward the robustness of the
in-house ZAB system. The discharge time for the ZABs based
on Co;0,/NEGF and Pt/C is found to be nearly 4.5 and 4 h,
respectively. The voltage drop in the plateau region concerning
the operation time is expected to result from the side reactions
taking place over the surface of the Zn powder.””*>** The
estimated specific capacity (Figure Sd) of the assembled ZAB
based on Co;0,/NEGF is about 474 mAh/g,, compared to
445 mAh/g;,, measured for the system based on Pt/C. For the
real-time demonstration of fabricated ZAB, two ZAB devices
based on the Co;0,/NEGF cathode were connected in series,
which result in an overall voltage of 2.744 V, as measured using
a multimeter device (Figure Se). Long-term galvanostatic
discharge curves of the ZAB (two cells connected together)
with Co;0,/NEGEF as the air electrode until full consumption
of the anode catalyst (Figure S16, ESI). This device was
subsequently employed to light an LED of 2 V, which resulted
in steady illumination for a long time without any interruption
(Figure Sf and Video VS1, ESI). Thus, overall, a close
matching and promising performance could be ensured during
the demonstration of the ZAB based on the in-house catalyst
for facilitating ORR in the cathode, which justified our findings
of the performance mapping of the material-specific intrinsic
activity of Co;0,/NEGF through the single-electrode studies.

4. CONCLUSIONS

In summary, a prospective non-noble metal-based ORR
electrocatalyst derived by the dispersion of Co;0, nanorods
on 3D-structured NEGF, designated as Co;0,/NEGF, was
achieved by employing a simple and scalable hydrothermal
method followed by freeze-drying. As a catalyst, Co;O,/NEGF
displayed high ORR activity during single-electrode testing,
and subsequently, its potential as the cathode for a ZAB system
could be demonstrated under realistic testing conditions. The
synthesis protocol involving the hydrothermal treatment
followed by freeze-drying is critical for achieving the desired
structural and morphological features of the catalyst. The
doped nitrogen, along with its favorable contribution toward
ORR, also plays a critical role in establishing efficient
dispersion of the oxide nanorods on the substrate. The
catalytic activity enhancement is expected to be resulted from
the regulated interplay of several favoring factors, including
high surface area, homogeneous dispersion of the active sites,
better reactant distribution, high active-site accessibility, and
the synergistic interaction operating between the doped
nitrogen and the Co;0, nanorods. The 60 mV onset potential
shift for ORR and the Tafel slope of 74 mV/dec recorded over
Co0;0,/NEGF compared to the state-of-the-art Pt/C in the
single-electrode mode are promising values expected from a
non-Pt electrocatalyst. Furthermore, the unique structural
features involving the 3D architecture with the interconnected
pores created by the self-assembling of the entangled graphene
during the freeze-drying process is found to assist reactant
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distribution and active-site utilization. The competing perform-
ance displayed by the ZAB consisting of Co;0,/NEGF as the
cathode with the counterpart system based on Pt/C cathode
substantiates the structural advantages incurred by the
homemade catalyst. Thus, as a cost-effective and competitive
catalyst, Co;0,/NEGF stands out as a versatile replacement
for the expensive catalysts based on noble metals for the
electrochemical systems involving ORR as the rate-determin-
ing electrode process.*”
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ABSTRACT: Solid-state rechargeable zinc—air batteries (ZABs) are gaining —— 250
. . 14 Pt/C + RO,
interest as a class of portable clean energy technology due to their advantages

such as high theoretical energy density, intrinsic safety, and low cost. It is
expected that an appropriately triple-phase boundary (TPB) engineered,
bifunctional oxygen reaction (OER and ORR) electrocatalyst at the air—
electrode of ZABs can redefine the performance characteristics of these systems.
To explore this possibility, an electrode material consisting of manganese—
cobalt-based bimetallic spinel oxide (MnCo,0,)-supported nitrogen-doped
entangled graphene (MnCo,0,/NEGF) with multiple active sites responsible
for facilitating both OER and ORR has been prepared. The porous 3D graphitic
support significantly affects the bifunctional oxygen reaction kinetics and helps 5 0 20 30 400 S0

the system display a remarkable catalytic performance. The air electrode Current Dersity (imA am)

consisting of the MnCo,0,/NEGF catalyst coated over the gas diffusion layer

(GDL) ensures the effective TPB, and this feature works in favor of the rechargeable ZAB system under the charging and discharging
modes. As an important structural and functional attribute of the electrocatalyst, the porosity and nitrogen doping in the 3D
conducting support play a decisive aspect in controlling the surface wettability (hydrophilicity/hydrophobicity) of the air electrode.
The fabricated solid-state rechargeable ZAB device with the developed electrode displayed a maximum peak power density of 202
mW cm™?, which is significantly improved as compared to the one based on the Pt/C + RuO, standard catalyst pair (124 mW
cm™?). The solid-state device which displayed an initial charge—discharge voltage gap of only 0.7 V at 10 mA cm™> showed only a
small increment of 86 mV after 50 h.

12.] | 200+
1503

1100

Potential (V) vs. Zn

Power Density mW cm™)

KEYWORDS: spinel oxides, N-doped entangled graphene, bifunctional oxygen catalyst, air—cathode interface, solid-state zinc—air battery

1. INTRODUCTION time application of the rechargeable ZABs.” As a result, there is
a growing interest in the development of efficient bifunctional
oxygen electrocatalysts.” Another important obstacle with the
air-cathode of ZABs is the restricted mass transport of the
reactant/products gas molecules and electrolytes due to the
comparatively lower access of the active sites and imbalanced
hydrophilicity/hydrophobicity of the electrocatalyst-coated
GDL interface.”'" These issues necessitate a strategic design
approach for building the air-electrode with improved triple-
phase boundary (TPB) for effectively deahng with the existing
issues related to kinetics and mass transport.'' ™"

As cost-effective solutions to the air-electrodes for ZABs, a
series of non-noble metal-based electrodes with excellent
intrinsic activities were reported (e.g., transition metal oxides/
hydroxides/chalcogenides/heteroatom doped carbon-based

To address future energy and environmental challenges,
economically viable energy storage technologies with improved
performance characteristics are necessary." Among such charge
storage devices, solid-state rechargeable zinc—air batteries
(ZABs) have gained appreciable interest for large-scale
applications in portable electronic devices.”* Compared to
the existing metal—air batteries, these systems have several
advantages such as high theoretical energy density (1086 W h
kg™!), involvement of safe aqueous electrolytes, and sufficient
zinc metal resources.” However, the practical applications of
ZABs are impoverished by their low power density, deficient
charge—discharge voltage, and overall lower output energy
efficiency.” These limitations are mainly attributed to the slow
kinetics of oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) on the air electrode.”* Convention-

ally, the spherical-shaped platinum nanoparticles supported Received:  April 27, 2022
carbon (Pt/C) and RuO, are mostly used as the electro- Accepted: June 29, 2022
catalysts for ORR and OER processes, respectively.” However, Published: July 12, 2022

the lower bifunctional activity of the individual catalysts,” their
less availability as well as lower durability in the harsh
conditions of ZABs hinder the practical prospects of the real-

© 2022 American Chemical Society https://doi.org/10.1021/acsaem.2c01266
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Scheme 1. Schematic Illustration of the Stages Involved in the Stepwise Synthesis of MnCo0,0,/NEGF as an ORR/OER
Bifunctional Electrocatalyst and Demonstration of Its Application as the Air-Electrode for the Solid-State Rechargeable Zn—

Air Battery
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materials and hybrids of these materials).”'*'* Among them,
the transition metal oxides (Fe, Co, Mn, and Ni) received
immense consideration as the ORR/OER bifunctional electro-
catalysts due to their ease of synthesis, stability, and structural
flexibility.">'® Spinel oxides (A'B'B™O,) are mostly being
marked as the ORR/OER bi-functional electrocatalysts owing
to the distribution of the mixed-valence metal ions in the
octahedral and tetrahedral positions.'”'® The mixed valency
metal ions in a spinel oxide crystal structure provide a
preferable electron transport channel with a favorable impact
on improving the electrochemical activity.'” The intrinsic
bifunctional activity of the spinel oxides could be improved by
morphological and compositional tuning.”' Recently, we
reported the nanorod-shaped spinel cobalt oxides with
promising ORR performance.20 Binary or ternary transition
metal spinel oxides possess better bifunctional oxygen activity
due to the involvement of the multiple catalytically active
centers.'”> The presence of a second metal with different
charges alters the d-band centers and changes the electronic
properties of the spinel oxides.”"”*™*> This contributes
favorably toward the bifunctional oxygen redox activity of
the system. Among the various bimetallic spinel oxides,
MnCo,0, is recognized as a mixed-valence metal oxide with
a spinel structure.”””>*° However, the potential applications of
the spinel oxide catalysts are restricted by their poor electronic
conductivity.”” This could be addressed by the incorporation
of a conducting support with active sites, which simultaneously
prevents the aggregation of the nanoparticles.” Most of the
conducting carbon supports used for dispersing the spinel
oxides are 1D and 2D materials, which possess morphological
limitations for efficiently establishing the active electrochemical
interface.””’ In this context, the 3D porous support materials
as the substrates for interlinking the bifunctional active centers
are becoming more promising.”””"

Considering the importance of the active TPB in the
electrodes of ZABs, appropriate interfacial engineerin%
strategies to develop better air electrodes are necessary.’””
Significant research has been done on developing the air
cathodes by depositing various metal oxide—carbon compo-
site-derived bifunctional catalysts directly on the surface of the
hydrophobic GDLs.>* However, such air-electrode structures

8757

provide an almost 2D multiphase interface that is restricted to
the limited space between the porous GDL and the
electrocatalyst layer. In this configuration, the electrolyte and
gaseous reactants cannot effectively reach out to the catalytic
sites.>> Thus, the traditional air-electrode structure in ZAB
evidently gives rise to sluggish reaction kinetics for ORR and
OER, which significantly reduces the ZAB battery perform-
ance. In this context, the 3D active interface can substantially
improve the number of active catalytic sites and accelerate
mass transport because of its interconnected interfacial
structure.”® During the catalytic process, if some electro-
catalytic sites immigrate within the 3D interface region, they
will still be able to participate in the electrochemical
process.”””*® This unique type of interface structure also
allows for simultaneous oxygen diffusion and electrolyte
permeation within the interface region of the conductive 3D
multiphase, which has significant implications for cathode
kinetics.” Simultaneously, the air-cathode interface engineering
by maintaining a good balance between the hydrophobicity
and hydrophilicity is vital for ensuring better mass transport.””

To best accommodate the abovementioned structural
attributes, an ORR/OER bifunctional electrocatalyst with
favorably modulated performance characteristics based on
self-assembled nitrogen-doped porous 3D entangled graphene-
supported MnCo,0, catalyst has been developed (MnCo,0,/
NEGF). The nitrogen-doped graphene acts as a better
nucleation site for the nanoparticles’ growth over the
asymmetric graphene substrate with improved hydrophobicity.
This nitrogen-doped carbon microstructure retains sufficient
hydrophobicity/hydrophilicity, which in turn could provide
efficient mass transport routes to the active sites without
getting flooded with the electrolyte solution. The ORR/OER
bifunctional characteristics of the catalyst are found to be
competing well with that of the state-of-the-art Pt/C + RuO,
standard pair for tackling respective single electrode processes.
Finally, a realistic validation of a rechargeable ZAB system
based on MnCo,0,/NEGF as the air-electrode reveals that the
catalyst system with its favorable structural and functional
attributes is capable of delivering better power density and
stable cyclic stability. In these aspects, the homemade system is

https://doi.org/10.1021/acsaem.2c01266
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Figure 1. (a) FESEM images of MnCo,0,/NEGF, demonstrating the 3D porous self-assembly architecture of the graphene sheets; (b) magnified
FESEM image of MnCo,0,/NEGF, showing the interconnected network of the 3D structure; (c) 3D micro-CT image of MnCo,0,/NEGF,
displaying the porous structure of the matrix formed by the interconnection of the 2D GO sheets; (d) TEM image of MnCo,0,/NEGF, displaying
the uniform distribution of MnCo,0, over NEGF; (i) HRTEM image of MnCo,0,/NEGF, clearly displaying the d-spacing for MnCo,O,, with the
inset image representing the crystalline nature of MnCo,0O,; (f—k) elemental mapping corresponding to Co, Mn, N, O, and C, respectively, done

on MnCo,0,/NEGF.

found to have a clear upper hand compared to a similar system
based on the conventional air—cathode compositions.

2. RESULTS AND DISCUSSION

Scheme 1 depicts a simplified illustration of the stages involved
in the stepwise synthesis of MnCo,0,/NEGF as an ORR/
OER bifunctional electrocatalyst and demonstration of its
application as the air-electrode material for the rechargeable
ZAB. The experimental details for the synthesis of the catalyst
are presented in the Experimental Section, Supporting
Information. In brevity, the aqueous solution of the graphene
oxide (GO) synthesized via the improved Hummer’s method
was mixed well with Co** and Mn** metal precursors (2:1) at
constant stirring for 6 h. The positively charged metal ions get
anchored over the negatively charged functional groups of GO
through electrostatic interactions during the mixing process.
Ammonium hydroxide (~30% v/v) was added to the metal
ion-anchored GO solution with continuous stirring for 6 h,
followed by probe sonication for 10 min. The color of the
solution was found to be changed at a certain concentration
when the pH of the solution reached ~10 due to the formation
of the metal hydroxides and adsorption of the NH," ions over
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the negatively charged GO surface. During the hydrothermal
treatment, the decomposition of NH," moieties occurs in the
beginning, followed by the doping of nitrogen into the carbon
skeleton. Graphene oxide layers are connected with various
functional groups such as epoxy, OH, and COOH groups.
Depending on the nature of the functional groups and the
binding strength of carbon—carbon bonds, the doped nitrogen
exists in various forms such as pyrrolic, pyridine, graphitic, and
quaternary states. This creates asymmetric carbon centers with
some differences in the electronegativity in the system. At high
temperatures and pressure of the solvothermal treatment, the
metal hydroxides gradually decompose and nucleate at the
asymmetric carbon centers, resulting in the formation of the
spherically shaped spinel oxide (MnCo,0,) nanoparticles
anchored over the N-doped reduced graphene oxide’s surface.
The solvothermal reaction is followed by the freeze-drying
process, which plays an important aspect in establishing the 3D
geometrical orientation and restructuring of the graphene
sheets bearing the bimetallic spinel oxide nanoparticles. This
electrocatalyst consisting of the entangled graphene framework
with homogeneously dispersed Co—Mn spinel oxide nano-
particles (MnCo,0,/NEGF) possesses a high surface area and
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Figure 2. (a) Pore size distribution profiles of NEGF, MnCo,0,, and MnCo,0,/NEGF, suggesting that the pores are mostly distributed in the 10
to 15 nm range; (b) XRD profiles recorded for NEGF, Co;0,/NEGF, and MnCo,0,/NEGF; (c) Co 2p XPS spectra of Co;0,/NEGF, and
MnCo,0,/NEGF, revealing the peak shift after the incorporation of Mn into the Co;0, matrix; (d) contact angle images of MnCo,0,/NEGF and
its counterpart without nitrogen doping, that is MnCo,0,/EGF, showing the dissimilarity in the wettability characteristics.

catalytic site-accessible porous architecture. The resulting
catalyst was coated over a porous carbon gas diffusion layer
(GDL) in combination with PVA-KOH gel electrolyte, and a
solid-state rechargeable ZAB device was fabricated and
demonstrated. The details of the catalyst synthesis and ZAB
device fabrication are given in Supporting Information.

The morphological analysis of the N-doped 3D graphene
and distribution of the bimetallic spinel oxide nanoparticles
were investigated by field emission scanning electron
microscopy (FESEM). The freeze-drying induced structural
alignment, leading to the establishment of homogeneous
porosity to the assembly of the N-doped reduced graphene
oxide layers in MnCo,0,/NEGEF, is clearly evidenced in the
FESEM images presented in Figures la,b, and S1, Supporting
Information. Figure la shows the self-assembly structure of
MnCo,0,/NEGF consisting of the nitrogen-doped 3D
oriented graphene sheets, whereas the magnified image of
the catalyst shown in Figure 1b highlights the interconnection
of the sheets that lead to the formation of the porous
architecture of the matrix. The formation of the self-assembled
3D structured bare NEGF can be visualized in the FESEM
image presented in Figure Sla, Supporting Information,
whereas the images of the support bearing the MnCo,O,
nanoparticles (MnCo,0,/NEGF), which retains the same
structural attributes anchoring sites appeared to be creating a
fertile environment for the nucleation of the MnCo,0,
nanoparticles, which enables homogeneous and more size-
controlled dispersion.

Furthermore, to gain more clarity on the dimensionally
oriented 3D microstructures of the MnCo,0,/NEGF electro-
catalyst, X-ray micro-computed tomography (micro-CT)
imaging was employed. The volume-rendered 3D micro-CT
images of GO, NEGF, and MnCo,0,/NEGF are presented in
Figures lc and S2 (Figure S2a—d, Supporting Information).
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These images clearly point toward the existence of the well-
defined porous architecture of the system which has been
originated by connecting the edges of the graphene sheets.
Compared to NEGF (Figure S2b, Supporting Information)
and MnCo,0,/NEGF (Figures lc and S2c, Supporting
Information), the micro-CT image presented in Figure S2a,
Supporting Information, for GO shows a nonseparated stacked
layer of the sheets. The features of MnCo,0,/NEGF with
respect to the layer-separated 3D structure with interconnec-
tion and interlayer spacing of the graphene sheets are in
agreement with the textural characteristics of the system as
revealed through the FESEM images. The porous micro-
structure of NEGF allows the system to have a larger surface
area than its precursor (GO). The spatial distribution of the
MnCo,0, particles over the NEGF sheets is shown in Figure
S2d, which displays the distribution of the closely similar-sized
nanoparticles of MnCo,Q, in the catalyst matrix.

The distribution of the MnCo,0, nanoparticles on 3D
NEGF could be mapped with the help of transmission electron
microscopy (TEM) imaging (Figure 1d). The image points
toward the homogenous distribution of the spherically shaped
MnCo,0O, nanocrystals with sizes in the range of 15 to 30 nm
over the individual sheets of the N-doped graphene. As
mentioned previously, the controlled distribution of the metal
oxide nanoparticles is mediated by the intervention of the
asymmetric carbon centers present in the N-doped graphene
framework, which serve as homogeneous nucleation sites for
the growth of the MnCo,0, nanoparticles. The contrast
difference of the particles in the TEM image suggests that a
fraction of metal oxide nanoparticles is distributed at the inner
surface of the 3D graphene, which is protected by the thin
layers of the graphene sheets.”” This controlled distribution of
the MnCo,0, nanoparticles on either side of the graphene
sheets is beneficial for providing better stability to the system
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by reducing the chances of self-agglomeration of the
nanoparticles.”’ Figure le shows the high-resolution trans-
mission electron microscopy (HRTEM) image of MnCo,0,/
NEGF, elucidating that the metal oxides are crystalline in
nature. The metal oxide nanoparticles are having lattice fringe
widths (d-spacing) of 0.25 and 0.21 nm, which are ascribed to
the (311) and (211) facets su§gesting the formation of the
cubic MnCo,0, spinel phase.”” The selected area electron
diffraction (SAED) pattern presented as an inset image in
Figure le shows the characteristic diffraction ring correspond-
ing to the polycrystalline nature of the MnCo,0, spinel oxide,
confirming the (311) and (211) planes of MnCo,0,.”” Using
the HRTEM image shown in Figure 1f, the elemental mapping
corresponding to the location has been done and the respective
images are presented in Figure Ig—k. To validate the
synergistic effect of MnCo,0, and the 3D conducting support
(NEGF), a physically mixed composite catalyst (MnCo,0,@
NEGF) was also prepared by mixing the MnCo,0, nano-
particles with NEGF and grounding well by using a mortar and
pestle. Figure S3a, Supporting Information, shows the
HRTEM image of the physically mixed catalyst (MnCo,0,@
NEGF), which reveals that the particles are nonuniformly
distributed over the NEGF surface. This redefines the
important role of the chemically synthesized catalyst systems
where the process of the nucleation and growth of the
nanoparticles over the nucleating sites plays the most
important role in simultaneously achieving the distribution
and size control. Furthermore, to understand the role played
by the doped-N in the conducting support, the catalyst without
the nitrogen-doped conducting support, that is, the entangled
graphene framework (EGF), was also synthesized (MnCo,0,/
EGF). The HRTEM image of MnCo,0,@EGF shown in
Figure S3b, Supporting Information reveals that particles are
less uniformly distributed, ascribed to the poor interaction of
EGF and MnCo,0, when the conducting support is lacking
the doped-N as nucleation sites. Because of the absence of the
doped-N in the conducting support (EGF), the MnCo,O,
nanoparticles are self-agglomerated at the time of nucleation
during the hydrothermal treatment. Hence, the support with
nitrogen doping has a significant role in attaining uniform
particle distribution.

The images represent the presence and distribution of Co,
Mn, O, C, and Ni, which is in line with the chosen
composition of the catalyst. The presence of Co and Mn in
the same position with an almost double intensity of Co clearly
supports the bimetallic structure of the spinel oxide. Further,
the energy dispersive X-ray (EDX) analysis of the samples also
provides similar evidence of the elemental composition (Figure
S4, Supporting Information).

Figure 2a shows the comparative pore size distribution
profile of NEGF, MnCo,0,, and MnCo,0,/NEGF, where a
major fraction of the pores is found to be distributed in the
region of 2—30 nm for NEGF and 2—20 nm for MnCo,0,/
NEGF. MnCo,0, on the other hand is found to be less
porous. Hence, the dispersion of MnCo,0, on NEGEF slightly
lowers the porosity of the composite, and this accounts for the
observed trend in the pore size distribution profile of
MnCo,0,/NEGF with the major portion of the pores falling
in the range of 16—20 nm. This difference in the nature of the
pore size distribution between the samples is also reflected in
terms of their BET surface area. The surface area of 450 m* g™*
measured on NEGF has been dropped to 300 m* g”' in the
case of MnCo,0,/NEGF. Also, both NEGF and MnCo,0,/
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NEGF display type-IV isotherms (Figure SS, Supporting
Information). The large surface area possessed by
MnCo,0,/NEGF along with its highly porous texture is a
distinct advantage of the system as an electrocatalyst with the
efficient usage of the active sites by establishing the interface
with the electrolyte and reactants. This type of active “triple-
phase boundary” (TPB) formation is an important require-
ment for realizing the final application of the electrocatalyst as
an efficient air-electrode for rechargeable ZABs. The total
loading of the spinel oxide nanoparticles in MnCo,0O,/NEGF
has been determined by thermogravimetric analysis (TGA).
The TGA profiling was done under an oxygen atmosphere in
the temperature range of 25 to 900 °C with a scan rate of 10
°C per min. The TGA weight loss profile for MnCo,0,/NEGF
is shown in Figure S6, Supporting Information, and the residue
content indicates that the total loading of MnCo,0, in the
system is 45 wt. %.

Figure 2b shows the X-ray diffraction (XRD) pattern of
NEGF, which shows broad diffraction peaks at the 26 values of
26 and 43°, which are attributed to the (002) and (100)
graphitic diffraction planes, respectively.”” The XRD profile of
Co0;0,/NEGF shows a comparatively intense peak for the
(311) plane of Co;0, at the 26 values of 35°.”° The spinel
structure of Co30, (Co"Co,™0,) with a cubic spinel structure
has an intense peak of the (311) plane, matching well with the
JCPDS Card No: 00-042-1467."° However, after the
incorporation of Mn into the spinel structure of Co;0,, the
resulting MnCo,0,/NEGF showed almost similar peak
intensities of the major phases with a small shift in the peak
positions.”**> As depicted in Figure 2b, the XRD pattern of
MnCo,0,/NEGF confirmed a series of peaks at 26 = 18.3,
30.2, 35.6, 37.0, 43.2, 53.8, 57.2, 62.7, and 74.0°, which are
attributable to the (111), (220), (311), (400), (422), (511),
(440), and (533) planes, respectively, for the MnCo,0O, spinel
structure (JCPDS no. 23-1237).*° In Co,0,, the Co ions are
present in the octahedral and tetrahedral sites.”” After the Mn
incorporation, the Co present in one of the tetrahedral sites
gets occupied by the Mn and forms a normal spinel structure
(Co"™Mn"Co™0,).** However, the larger ionic radius of the
Mn causes the lattice contraction, resulting in a change in the
d-spacing value. The formation of MnCo,0, spinel oxide peaks
is well-matched with the JCPDS Card no. 23-1237. Therefore,
the MnCo,0, spinel oxides, like Co;0, spinel oxides, are
found to be cubic structures. Also, after incorporating the
MnCo,0, nanoparticles over NEGF, the (002) graphitic plane
is found to be shifted toward a lower diffraction angle (25°)
compared to that in NEGF (26°). This shift is expected to be
originated from the expansion of the d-spacing of the N-doped
graphene sheets due to the incorporation of the MnCo,O,
nanocrystals between the layers.

The extent of the defects imparted in the graphene
frameworks of NEGF has been determined by calculating the
I /I ratio using Raman spectroscopy. In the Raman spectra,
the D-band typically expresses the defects, whereas the G band
represents the order structure in the graphene lattice. The
comparative Raman spectra recorded for NEGF and
MnCo,0,/NEGF are presented in Figure S7, Supporting
Information. The D-band peak at 1350 cm™ and the G-band
peak at 1590 cm ™" are attributed to the Ay, symmetry and Ey,
symmetry of graphitic lattice vibration mode, respectively.”” In
the case of NEGF and MnCo,0,/NEGEF, the measured I/I¢
ratios are 1.25 and 1.31, respectively. The increased Ip,/I value
reported for GO (~1.0) to NEGF in the present case clearly
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Figure 3. (a) Comparative LSV profiles recorded for NEGF, Co;0,/NEGF, MnCo,0,/NEGF, and Pt/C toward ORR in O2 saturated 0.1 M
KOH with the rotation of the working electrode at 1600 rpm; (b) comparative LSV profiles recorded for NEGF, Co;0,/NEGF, MnCo,0,/NEGF,
and Pt/C toward OER in N, saturated 1 M KOH with rotation of the working electrode at 1600 rpm; (c) LSV profiles comparing the ORR/OER
bifunctional activity of NEGF, Co;0,/NEGF, Mn;0,/NEGF, and MnCo,0,/NEGF; (d) graph comparing the onset potential for OER (E; @ 10
mA cm™2), half-wave potential (E,,) for ORR, and AE, that is, ORR (E, ;,)—OER (E]- @ 10 mA cm™2) for the catalysts; (e) the comparison of the
Tafel slopes extracted from the LSV profiles recorded by the systems toward ORR; (f) comparison of the Tafel slopes extracted from the LSV

profiles recorded by the systems toward OER.

points toward the creation of new defect sites with the
introduction of the doped nitrogen into the graphitic lattice
structure during the solvothermal treatment at 180 °C. Such
introduced defective sites in the N-doped graphene sheets are
helpful for seeding the nucleation of the metal oxide
nanoparticles.”” The defective sites are higher in MnCo,0,/
NEGF (Ip/Ig = 1.31) compared to its counterpart NEGF
support (Ip/I; = 1.25), which must have been introduced due
to the lattice stress created during the in situ growth of the
metal oxide nanoparticles.”’

Furthermore, a more focused investigation on the chemical
nature of the prepared catalysts has been performed with the
help of X-ray photoelectron spectroscopy (XPS); the
corresponding data are presented in Figures 2c¢ and S8,
Supporting Information. Figure S8a, Supporting Information
displays the survey scan spectra of NEGF, Co;0,/NEGF, and
MnCo,0,/NEGF, which confirm the presence of the Mn, Co,
O, N, and C in the respective materials.

The characteristic Co 2p XPS peaks corresponding to
Co;0,/NEGF and MnCo,0,/NEGEF are appearing at the B.E.
values of 784.2 and 795.5 eV and 783.5 and 796.5 eV,
respectively (Figure 2¢).”> The characteristic peak separation
(~15.84 eV) between the two peaks remains the same for the
spinel oxides. However, the shift in the B.E after incorporating
Mn into the spinel lattice of Co;0, provides supplementary
evidence of the formation of the bimetallic (MnCo,0,) spinel
oxide. The observed negative shift in the B.E of MnCo,0,
compared to Co;O, might be due to the charge transfer from
Co to Mn.*® The deconvoluted XPS spectra of Co 2p in
Co;0,/NEGF (Figure S8b) show two doublet peaks at the
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B.E. values of 783.4 and 799.2 eV for Co®" and 783.8 and
799.6 eV for Co*". Furthermore, the deconvoluted XPS spectra
of Co 2p in MnCo,0,/NEGF presented two doublets (Figure
S8c Supporting Information) at B.E. values of 783.1 and 798.8
eV with a peak gap of 15.7 eV, indicating the presence of the
+2 and +3 oxidation states of Co.””* Moreover, the
deconvoluted Mn spectra (Figure S8d) show two spin—spin
coupling peaks at the B.E. values of 640.1 and 651.3 eV and
642.2 and 653.3 eV corresponding to the Mn 2p;/, and Mn
2p,, states, respectively.”*” This confirms the presence of Mn
in the system having +2 and +3 oxidation states. Furthermore,
the deconvoluted N 1s spectra of Co0;0,/NEGF and
MnCo,0,/NEGF (Figure S9a,b, Supporting Information)
show the major proportion of the XPS peaks for pyridinic-N
at 398.6 eV, and pyrrolic-N at 399.7 eV, with a smaller fraction
of the graphitic-N at 400.5 eV and NH," at 405.5 eV.”’
Furthermore, the Co 2p and Mn 2p spectra of MnCo,0,/EGF
(graphene without the doping of the nitrogen) and MnCo,0,/
NEGF are compared to know the role of doped nitrogen in the
support (Figure S9c,d). The presence of a higher portion of
the pyridinic-N, and pyrrolic-N can help for the direct
coordination with the Co and Mn in MnCo,0,/NEGF, and
this is responsible for the observed binding energy shift.

The presence of nitrogen doping in the conducting support
can modulate the surface wettability of the electrocatalysts,
which is an important deciding factor in improving the activity
of the catalyst by enhancing the extent of the interface
formation with the electrolyte.”> The contact angle (CA)
measurement was performed to check the surface wettability of
MnCo,0,/EGF and MnCo,0,/NEGF (Figure 2d). The lower
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CA value of 24° measured for MnCo,0,/EGF confirms the
higher hydrophilicity of the enabling catalyst, which can easily
wet the surface, resulting in water flooding. Therefore, the
mass transfer can be hindered by the excessive wetting of the
surface. After the N doping into the 3D structure of graphene,
the CA value for MnCo,0,/NEGF reached an optimal value
of 42°. This optimal hydrophilicity of the catalytic material
promotes the formation of the gas—liquid—solid TPBs during
the electrochemical reactions.”"

The electrochemical bifunctional feature of the designed
catalyst was evaluated by monitoring the ORR and OER
characteristics with the help of a set of electrochemical probing
methods. The activity of the catalyst was evaluated using a
three-electrode electrochemical cell. The working electrode
(WE) was a catalyst-coated glassy carbon electrode (GCE),
while the reference and counter electrodes were Hg/HgO and
a graphite rod, respectively. The applied potential was
converted into the RHE scale with the standard process as
explained in the experimental section in the Supporting
Information (Section $3.2.). The bifunctional ORR/OER
characteristics of the electrocatalyst were evaluated by the
rotating disk electrode (RDE) analysis by employing 0.1 M
KOH and 1 M KOH electrolytes for ORR and OER,
respectively. The linear sweep voltammograms (LSVs)
corresponding to ORR were recorded in 0.1 M KOH at the
voltage scan rate of 10 mV s™' under an O, atmosphere while
maintaining the working electrode rotation at 1600 rpm. The
comparative LSV profiles shown in Figure 3a indicate that
MnCo,0,/NEGF (0.93 V) exhibits superior ORR perform-
ance in terms of the onset potential when compared to the
control samples NEGF (0.86 V), Co,0,/NEGF (0.89 V), and
Mn;0,/NEGF (0.85 V). In addition, the onset potential of
0.93 V recorded by MnCo,0,/NEGF is coming very close to
that displayed by the state-of-the-art Pt/C catalyst (0.98 V).
The observed half-wave potentials (E,;;,) recorded on the
catalysts corresponding to ORR are MnCo,0,/NEGF (0.81
V), NEGF (0.75 V), Co,0,/NEGF (0.77 V), Mn,0,/NEGF
(0.76 V), and Pt/C (0.84 V). Similarly, the OER activity has
also been evaluated for NEGF, Co;0,/NEGF, Mn;0,/NEGEF,
MnCo,0,/NEGF, and RuO, in 1 M KOH at a voltage scan
rate of 10 mV s™' under a N, atmosphere (Figure 3b). The
synthesized catalysts have displayed the OER activity (E; @10
mA cm™?) as Co;0,/NEGF (1.72 V), Mn;0,/NEGF (1.65
V), MnCo,0,/NEGF (1.63 V) and RuO, (1.61 V),
respectively. Clearly, among all the homemade systems, the
LSV traced for MnCo,0,/NEGF outperforms the other
systems in terms of the OER activity. Thus, in terms of both
oxygen reactions (ORR/OER), MnCo,0,/NEGF is observed
to be a versatile catalyst with its unique bifunctional feature to
facilitate both reactions. The improved electrochemical ORR/
OER performance of MnCo,0,/NEGF is mainly attributed to
the synergistic interaction of NEGF and MnCo,0, prepared
via the hydrothermal treatment. Figure S10a shows the
comparative ORR LSV profiles for MnCo,0,, MnCo,0,/
EGF (without N-doped), and MnCo,0,@NEGF (physical
mixture). Although after the incorporation of the support, the
ORR onset potential is found to be improved in the case of
MnCo,0,@EGF (0.89 V) compared to MnCo,0, (0.82 V)
which reveals the important role played by the support. The
ORR onset potential of the catalyst shows similar performance
in the presence of the N-doped support. Similarly, the OER
performance (Figure S10b) of the catalysts shows the order as
MnCo,0,@NEGF ~ MnCo,0,/EGF > MnCo,0,. Impor-
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tantly, the ORR/OER performance of MnCo,0,@NEGF
(physically mixed) is significantly lower than that of the
catalyst prepared via the hydrothermal treatment. These results
suggest the role of the chemical dispersion process in
establishing better interactions of the active sites and the
support, leading to more effective synergistic interactions in
the system. Hence, the support with the doped nitrogen has a
significant role in favorably modulating the ORR/OER activity
in the case of the chemically synthesized catalyst (MnCo,0,/
NEGF) compared to its physically mixed counterpart
(MnCo,0,@NEGF). Furthermore, the difference in the
OER potential (E; @ 10 mA cm™) and the ORR half-wave
potential (E, ;) is commonly used to evaluate the bifunctional
electrocatalyst performance (Figure 3c).”” The bar chart
presented in Figure 3d compares the extracted values of E, /,
for ORR, E; @ 10 mA cm™? for OER, and the difference
between these two values (ORR—OER) for the respective
electrocatalysts. Based on the ORR—OER parameter, which is
indicative of the overall bifunctional activity of the system,
MnCo,0,/NEGF with the difference of 0.82 V (Figure 3d) is
found to be comparable to or better than the previously
reported various bifunctional electrocatalysts (Table S,
Supporting Information). To validate the concentration effect
of the electrolyte on the catalyst performance, the ORR and
OER activities of MnCo,0,/NEGF have been measured in 0.1
M KOH solution (Figure S11). The OER activity of
MnCo,0,/NEGF in the 0.1 M KOH solution is significantly
low due to the low hydroxyl ion concentration.”’ Here, the
potential difference corresponding to the bifunctional charac-
teristics of MnCo,0,/NEGF is 0.86 V, which is higher
compared to the difference estimated based on the ORR
activity measured in 0.1 M KOH and OER activity in 1 M
KOH solutions. This study indicates the need for the KOH
electrolyte with two different concentrations in each half—cell
reaction for the effective functioning of the system.

The Tafel slope, which is a key performance indicator
representing the intrinsic activity of the catalyst, has been
extracted from the LSVs recorded for ORR and the
corresponding values measured for NEGF, Co;0,/NEGF,
Mn;0,/NEGF, MnCo,0,/NEGF, and Pt/C are shown in
Figure 3e. MnCo,0,/NEGF with its Tafel slope value of 68
mV dec™! is found to be nearly comparable to Pt/C (64 mV
dec™!). A similar exercise has been done to evaluate the
kinetics toward OER, and the corresponding Tafel plots for the
catalysts with the slopes marked are presented in Figure 3f.
The measured Tafel slope value for MnCo,0,/NEGF and
RuO, are 74 and 86 mV dec™’, respectively. The higher Tafel
slope values of Co;0,/NEGF (92 mV dec™) and Mn,0,/
NEGF (86 mV dec™') compared to MnCo,0,/NEGF suggest
better activity of the latter system toward OER. The
incorporation of Mn into the Co;0, lattice plays a critical
role in building the bifunctional feature in the system, enabling
the catalyst to perform effectively for both the ORR and OER
processes.

The electrochemical durability of the catalysts has been
investigated by cycling it 5000 times under oxygen saturated
0.1 M KOH at a scan rate of 100 mV s™" in the potential range
of 1.2 and 0.8 V with respect to RHE, followed by recording
the LSV in the oxygen reduction region. A comparison of the
LSVs recorded before and after the potential cycling process
showed a negative shift in the E, , value with a drop of 34 mV
for MnCo,0,/NEGF (Figure S12a, Supporting Information).
This drop is lower than that of the state-of-the-art Pt/C catalyst
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Figure 4. (a) Cross-sectional FESEM image of the GDL showing the plain surface boundary with the higher magnified inset image highlighting its
bright plain surface; (b) cross-sectional FESEM image of MnCo,0,/NEGF-coated GDL demonstrating the heterojunction interface formed after
coating the catalyst with the interface marked with the dotted lines, including as an inset image for better clarity; (c,d) 3D CT tomogram images
recorded for the GDL and MnCo,0,/NEGF@GDL along the cross-section where the bare GDL is showing the two distinct phases of OCF and
GDF, whereas MnCo,0,/NEGF@GDL displays a rough surface of the coated catalysts layer; (e,f) contact angle images recorded on the bare GDL

and MnCo,0,/NEGF, showing the surface wettability characteristics.

(36 mV) (Figure S12b, Supporting Information) recorded
under identical conditions. In a similar way, the durability
analysis was performed by cycling the potential S000 times
under N, saturated 1 M KOH at a voltage scan rate of 50 mV
s~ (Figure S12c, Supporting Information). The change in the
OER potential (E; @10 mA cm™>) for MnCo,0,/NEGF is
only 15 mV. These results reveal the better structural
endurance and corrosion resistance of MnCo,0,/NEGF as a
bifunctional catalyst for OER and ORR applications.

To check the structural changes of the electrocatalysts and
the support after the accelerated durability test (ADT), the
MnCo,0,/NEGF-coated GDL was subjected to electro-
catalytic cycling. The catalyst-coated GDL was analyzed after
the 5000 cycles in O, saturated 0.1 M KOH solution. The
sample was subjected to FESEM analysis, and Figure S13a,
Supporting Information, represents the corresponding image.
The figure shows that the self-assembled 3D structure of the
graphene in MnCo,0,/NEGEF is retained almost perfectly after
the 5000 ADT cycles. Additionally, the magnified image
presented in Figure S13b reveals that the uniform distribution
of the MnCo,Q, particles on the support in the pristine sample
is unaffected under the triggered condition, suggesting the
structural integrity of the system. For the phase comparison
after ADT, XRD analysis has been performed for the bare
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GDL, the GDL-coated catalyst (MnCo,0,/NEGF@GDL),
and the catalyst after ADT. As the materials are coated over the
GDL, a higher intense (002) peak at 26° for the GDL carbon
is noticed in the catalysts. The XRD profile of MnCo,0,/
NEGF@GDL, shown in Figure S13c, exhibits the peaks for the
(111), (220), (311), (400), (422), (511), (440), and (533)
planes. After ADT, the intensity of the peak corresponding to
the (311) plane of MnCo,0, is found to be suppressed, which
is ascribed to the formation of the thin oxide layers of
Mn(OH), and Co(OH),. The formation of the metal
hydroxide peaks is well justified as the reaction is carried out
under an alkaline solution. Further, XPS analysis has been
performed to confirm the changes in the chemical nature of the
samples. Figure S13d represents the comparative XPS survey
spectra of the catalyst before and after the 5000 ADT cycles.
The increase in the intensity of the O 1s peak suggests the
formation of the surface oxide layer. Furthermore, the
deconvoluted Co 2p XPS spectra in Figure S13e show two
doublet peaks at the B.E. values of 782.9 and 798.6 eV for Co**
and 783.1 and 798.8 eV for Co’". The change in the XPS
binding energy reveals the formation of Co(OH), and the B.E.
peaks are corresponding to the Co—OH bond. Furthermore,
the deconvoluted XPS peaks of Mn 2p presented in Figure
S13f show two doublet peaks at the B.E. values of 639.9 and
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Figure S. Solid-state rechargeable zinc—air battery (ZAB) performance evaluation for the systems based on MnCo,0,/NEGF and Pt/C + RuO, as
the air-electrodes: (a) comparative polarization plots; (b) comparative impedance plots; (c) comparative galvanostatic charge—discharge plots
recorded at 10 mA cm™? displaying the higher overpotential incurred by the system based on the Pt/C + RuO, air-electrode; (d) focused view of
the galvanostatic charge—discharge cycling curves recorded at 10 mA cm™> between 8 and 10 h of the test, showing the asymmetric nature of the
charge—discharge plate in the case of the ZAB based on the Pt/C + RuO, standard pair air—cathode compared to the perfect symmetric nature of
the charge—discharge profiles traced with the system based on the MnCo,0,/NEGF air—electrode; (e) assessment of the galvanostatic discharge

capacity of the fabricated ZABs performed at the various discharge current densities of S, 10, 20, and 30 mA cm™.

-2

651.2 eV for Mn*" and 642.0 and 653.1 eV for Mn®". The
change in the binding energy, in this case, is attributed to the
presence of Mn(OH),.

The application of MnCo,0,/NEGF as an air electrode to
function in the discharging (ORR) and charging (OER) modes
for a solid-state ZAB was demonstrated by employing the
catalyst-coated gas diffusion electrode (GDE) as the cathode.
Prior to the fabrication of the cell and its testing, the catalyst-
coated GDL surface was characterized by using FESEM and X-
ray CT mapping to check the 3D microstructure of the
resulting electrodes (Figure 4a—d). Figure 4a and the inset
image show the cross-sectional FESEM image of the bare
GDL, revealing the mostly flat structure of the surface.
However, in the case of GDL coated with MnCo,0,/NEGF, a
thick layer with a 3D structure (indicated by the dotted yellow
lines) is observed (Figure 4b). The inset of Figure 4b gives
better clarity of the surface of the GDL containing the 3D self-
assembled structure of the coated layer of MnCo,0,/NEGF.
This 3D microstructured catalyst layer over the GDL has a
significant advantage for achieving improved TPB with better
active interface and mass transfer characteristics. Compared to
the highly porous nature of the MnCo,0,/NEGF layer on the
GDL, the catalyst layer of Pt/C + RuO, is found to be
significantly less porous (Figure Sl4a, Supporting Informa-
tion). The 3D CT tomogram imaging was performed to gain
further information about the nature of the multiphase reactive
interface of the air electrode. The commercial bare GDL
consists of two parts (indicated by the dotted yellow lines in
Figure 4c,d, ie., the oxygen catalytic face (OCF) and the gas
diffusion face (GDF) toward the inner and outer side of the
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air-electrode, respectively. At OCF, the carbon fibers are
coated with the hydrophobic PTFE, which prevents the
flooding of the microporous surface of the GDL. Figure 4c,d
shows the 3D tomogram cross-section images of the bare GDL
and the MnCo,0,/NEGF-coated GDL, respectively. Animated
representations of the 3D CT images are shown in Movie S1
(Supporting Information). The tomography image in Figure 4c
shows the two distinct phases of OCF and GDF (marked with
the dotted yellow lines) of the GDL, as already indicated in the
FESEM image of the corresponding sample presented in
Figure 4a. On the other hand, in the case of the 3D CT image
of the catalyst-coated GDL (Figure 4d), the 3D microstructure
formation of the layer of MnCo,0,/NEGF is evident and is
demarcated with the dotted yellow line. However, this type of
porous 3D microstructure of the catalyst layer is not evident in
the 3D CT image recorded for the Pt/C + RuO, standard pair
catalyst-coated GDL (Figure S14b, Supporting Information).
Of course, the 3D porous morphology of the MnCo,0,/
NEGF layer in the electrode is beneficial for improving the
electrode—electrolyte interface formation. However, to realize
this advantage significantly, the porous layer also should retain
the optimum intrinsic wettability of the electrocatalyst even
after it was subjected to the coating protocol during the
electrode fabrication process. Interestingly, the MnCo,0,/
NEGF-coated surface of the GDL shows a water contact angle
of 109.2° (Figure 4f), compared to 157.9° recorded on the CA
measured on the Pt/C + RuQ,-coated surface of the GDL is
128.2° (Figure Sl4c). The CA data corresponding to the bare
GDL is presented in Figure 4e. From these results, it can be
readily inferred that while an aqueous electrolyte can hardly

https://doi.org/10.1021/acsaem.2c01266
ACS Appl. Energy Mater. 2022, 5, 8756—8768


https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c01266/suppl_file/ae2c01266_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01266?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01266?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01266?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01266?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

wet the bare GDL, the GDL based on the MnCo,0,/NEGF
coating possesses a balanced hydrophilic/hydrophobic charac-
teristic, which is expected to result in optimum wettability at
the interface.

To demonstrate a liquid-state ZAB, the MnCo,0,/NEGF-
coated GDL was used as the air electrode, a Zn foil as the
anode, and 6 M KOH as the electrolyte. The details of the
liquid-state ZAB fabrication are included in the Experimental
section presented in Supporting Information. The current (I)—
voltage (V) polarization plots corresponding to the ZAB with
the MnCo,0,/NEGF cathode and its counterpart system with
the Pt/C + RuO, standard pair cathode (Figure S15a) display
the open-circuit voltage (OCV) values of 1.35 and 1.33 V,
respectively. This trend in the polarization plot goes well in
line with the intrinsic activity of the catalysts toward ORR,
where Pt/C performs better compared to MnCo,0,/NEGF in
terms of the ORR onset potential and E,;,, values. The
maximum power densities (P,,,,) recorded on the ZABs based
on MnCo,0,/NEGF and Pt/C + RuQO, cathodes are 52 and
43 mW cm™?, respectively. Additionally, both systems display
nearly similar charge transfer resistance characteristics as
indicated by the Nyquist plots presented in Figure S1Sb.
Furthermore, the galvanostatic charge—discharge curves
recorded for the cells at 10 mA cm™ are shown in Figure
S15c. The potential difference between the charging and
discharging of the liquid-state ZAB based on MnCo,0,/NEGF
air cathode is 1.1 V, which is higher than that observed in the
case of its counterpart system based on the Pt/C + RuO,
standard pair (0.65 V). After the 48 h of continuous charge—
discharge cycles, the Pt/C + RuO, system shows a significant
increase in the voltage difference by 0.65 V and the cell is
completely dead. However, in the case of the MnCo,0,/
NEGF system, the voltage difference almost remains steady for
62 h.

In terms of this advantage, coupled with the 3D
interconnected porous nature of the catalyst texture, the
electrode based on the MnCo,0,/NEGF catalyst layer has a
distinct advantage over its counterpart system based on the Pt/
C + RuO,-coated electrode. A full-featured demonstration of
the prepared catalyst in a solid-state rechargeable ZAB device
was conducted by fabricating a device by employing the
MnCo,0,/NEGF-coated GDL as the air-electrode, a zinc
powder-coated GDL as the anode, and PVA soaked with KOH
as the electrolyte (refer Scheme 1, and Experimental Section
$3.3, Supporting Information). A similar device employing Pt/
C + RuO, standard pair catalyst-coated GDL as the air-
electrode was also made for comparison purposes. The cell
polarization plots presented in Figure Sa demonstrate the
superiority of the system based on the homemade cathode in
the entire I-V region traced during the study. The OCV values
for the ZABs based on MnCo,0,/NEGF and Pt/C + RuO,
cathodes are 1.31 and 1.20 V, respectively. For these two
systems, the comparative steady-state cell polarisation results in
the maximum power densities (P,,) of 110 and 200 mW
cm™?, respectively. Here, the catalyst layer in the case of the
MnCo,0,/NEGF, with its 3D interconnected porous structure
and optimum wettability, is found to be more accommodative
for the KOH-soaked PVA gel electrolyte. The previous
discussions based on the FESEM, CT Tomography, and
water contact angle data provided adequate information on
these advantageous structural and functional attributes of the
in-house system. The performance of the fabricated solid-state
ZAB is found to be comparable and even superior to some of
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the reported solid-state ZABs in the literature (Table S2,
Supporting Information). The advantage of MnCo,0,/NEGF
to form a more process-friendly cathode is further reflected in
the substantially reduced charge transfer resistance (CTR)
displayed by the cell compared to the one based on the Pt/C +
RuO, standard pair cathode (Figure Sb). Furthermore, the
galvanostatic charge—discharge curves recorded for the cells at
10 mA cm™? are shown in Figure Sc. The observed difference
between the charging and discharging voltages of the ZAB
based on MnCo,0,/NEGF during the initial process is 0.84 V,
which is lower than (0.91 V) that observed in the case of its
counterpart system based on the Pt/C + RuO, standard pair.
After 50 h of continuous charge—discharge cycles, a nominal
increase in the voltage difference by 0.10 V has been observed
in the case of the MnCo,0,/NEGF-based cell. However, in
the case of the Pt/C + RuO,-based system, the voltage
difference is found to be increased to 0.15 V just after 15 h of
the continuous charge—discharge cycles, and the test had to be
terminated. Moreover, the magnified image of the charge—
discharge profile in the 8 to 10 h duration, presented in Figure
Sd, reveals the symmetric nature of the charge—discharge
plateau in the case of the MnCo,0,/NEGF cell. Contrary to
this, the cell based on Pt/C + RuO, has asymmetric behavior
in its charge—discharge profile. This difference in the feature of
the charge—discharge characteristics points toward the better
bifunctional activity at the air-cathode of the ZAB based on
MnCo,0,/NEGF.

In the case of rechargeable metal—air batteries, the ORR
process is more sensitive to the active triple-phase interface
during the discharge process compared to the OER process in
the charging mode. To unravel the advantages of MnCo,0,/
NEGF due to its structural and functional attributes toward
ORR in the battery configuration, the discharge curve at
various current densities of §, 10, 20, and 30 mA cm™> are
recorded for 1 h, and the comparative plots are presented in
Figure Se. Figure Se represents that, under each step of the
discharging process, the voltage drop incurred by the
MnCo,0,/NEGF-based system is much lower compared to
the one based on Pt/C + RuO,. The ZAB based on
MnCo,0,/NEGF has a relatively small voltage gap of 0.11,
0.12, 0.13, and 0.15 V at 5.0, 10.0, 20.0, and 30.0 mA cm™>
compared to 1.05, 0.14, 0.15, and 0.60 V, respectively,
recorded under the same discharging conditions for the
counterpart system based on Pt/C + RuO,. This distinct
advantage of the MnCo,0,/NEGF system could be credited to
the favorable morphology of the catalyst in terms of better
oxygen gas transport and eficient active interface formation.
The presented results demonstrate that these kinds of air-
electrodes with nano-engineered morphological and functional
features have greater prospects of ensuring better system-level
performance under different current dragging conditions. The
comparative galvanostatic discharge curves (Figure S16,
Supporting Information) were recorded for the solid-state
ZAB systems based on MnCo,0,/NEGF and Pt/C + RuO,
catalysts. The discharge profiles recorded at a current density
of S mA cm™? show almost 48 and 40 h of flat discharge curve
for the systems based on MnCo,0,/NEGF and Pt/C + RuO,,
respectively. The obtained comparatively long discharge curve
for the homemade system represents the stability and
structural integrity of the catalyst under operating conditions.

After the long cycle of the galvanostatic charge—discharge
analysis, the catalysts and the air-electrode interface structure
were investigated by FESEM. The FESEM images of
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MnCo,0,/NEGF and MnCo,0,/NEGF-coated ZAB air
cathode interface are shown in Figure S17, Supporting
Information. Figure S17a, Supporting Information, displays
the 3D structure of NEGF retained even after the long charge—
discharge cycles. The magnified image presented in Figure
S17b, Supporting Information, clearly shows that the catalyst
structure is more or less unaffected even after subjecting the
system to the corrosive environment of the testing conditions.
The cross-sectional image analysis of the ZAB air cathode
(Figure S17c,d) shows that a portion of the catalyst gets
detached from the GDL surface after the long-term charge—
discharge cycling. Still, the inherent porosity of the conducting
support is nearly unaffected.

3. CONCLUSIONS

A 3D structured electrode material, designated as MnCo,0,/
NEGEF, consisting of the manganese—cobalt-based bimetallic
spinel oxide (MnCo,0,)-supported nitrogen-doped entangled
graphene (NEGF) has been prepared as a versatile OER/ORR
bifunctional electrocatalyst for rechargeable zinc—air battery
(ZAB) application. Features like the porous 3D architecture of
the catalyst, balanced hydrophilic/hydrophobic characteristics,
and optimal ORR/OER activity are found to be favorably
helping the system as an air-electrode for the rechargeable ZAB
application. The 3D structure of the catalyst greatly helps the
system in mass transfer and active site accessibility in the
electrode. At the same time, the optimal hydrophilicity,
originating from the functional attributes of the support
surface, is found to play a significant role in constructing an
effective interface for the catalyst and the electrolyte. The study
reveals the existence of synergistic interactions operating
between the MnCo,0O, nanoparticles and the N-doped porous
graphene substrate. This benefits the system in terms of its
bifunctional characteristics to perform as an effective electro-
catalyst for facilitating both ORR and OER processes. In terms
of the activity of MnCo,0,/NEGF toward these reactions, the
overpotential values are found to be closely comparable to the
respective state-of-the-art systems (i.e, Pt/C for ORR and
RuO, for OER). The demonstration of a solid-state
rechargeable ZAB device with MnCo,0,/NEGF as the air-
electrode delivered a maximum peak power density of 200 mW
cm™?, with good stability at the time of the charge—discharge
cycling process. In terms of performance and charge—discharge
cyclability, the system based on the homemade catalyst is
found to have a clear upper hand compared to a system
consisting of the state-of-the-art ORR/OER catalyst combina-
tion of Pt/C + RuO,.
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ABSTRACT: To improve the oxygen reduction reaction (ORR)
performance in a proton-exchange membrane fuel cell (PEMFC)
cathode with respect to mass activity and durability, a suitable
electrocatalyst design strategy is essentially needed. Here, we have
prepared a sub-three nm-sized platinum (Pt)—cobalt (Co) alloy
(Pt;Co)-supported N-doped microporous 3D graphene (Pt;Co/
pNEGF) by using the polyol synthesis method. A microwave-
assisted synthesis method was employed to prepare the catalyst
based on the 3D porous carbon support with a large pore volume ~ FFEEEA 4 4 EEEEEE O, :
and dense micro-/mesoporous surfaces. The ORR performance of ST Togars gl
Pt;Co/pNEGEF closely matches with the state-of-the-art commercial

Pt/C catalyst in 0.1 M HCIO,, with a small overpotential of 10 mV. The 3D microporous structure of the N-doped graphene
significantly improves the mass transport of the reactant and thus the overall ORR performance. As a result of the lower loading of Pt
in Pt;Co/pNEGF as compared to that in Pt/C, the alloy catalyst achieved 1.5 times higher mass activity than Pt/C. After 10,000
cycles, the difference in the electrochemically active surface area (ECSA) and half-wave potential (E,,,) of Pt;Co/pNEGF is found
to be 5 m* gp, "' (AECSA) and 24 mV (AE, ;,), whereas, for Pt/C, these values are 9 m* gp, ' and 32 mV, respectively. Finally, in a
realistic perspective, single-cell testing of a membrane electrode assembly (MEA) was made by sandwiching the Pt;Co/pNEGF-
coated gas diffusion layers as the cathode displayed a maximum power density of 800 mW cm ™ under H,—O, feed conditions with a
clear indication of helping the system in the mass-transfer region (i.e., the high current dragging condition). The nature of the I-V
polarization shows a progressively lower slope in this region of the polarization plot compared to a similar system made from its Pt/
C counterpart and a significantly improved performance throughout the polarization region in the case of the system made from the
Pt;Co/NEGF catalyst (without the microwave treatment) counterpart. These results validate the better process friendliness of
Pt;Co/pNEGF as a PEMFC electrode-specific catalyst owing to its unique texture with 3D architecture and well-defined porosity
with better structural endurance.

KEYWORDS: Pt;Co alloy, N-doped porous 3D graphene, microwave synthesis, polyol synthesis, ORR, PEMFC
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1. INTRODUCTION

Efficient and durable catalysts are in continual exploration to
reduce the cathodic electrochemical activation overpotential
for the oxygen reduction reaction (ORR) in proton-exchange
membrane fuel cells (PEMECs)." Platinum (Pt) nanoparticles
supported on conventional carbon substrates like Ketjen black
and Vulcan XC-72 are currently recognized as the most
effective electrocatalysts for ORR.” However, issues like the
high cost of Pt, the drop in the electrochemical surface area
(ECSA) during electrode processing, and the concerns
associated with the long-term durability are the limitations of
the state-of-the-art catalysts.”* The restricted mass transport in
the electrodes derived from the Pt-supported conventional
carbon catalysts is an inherent problem created during the
multiple stages involved in the conversion of the catalyst to the
ink and finally to the electrode by adopting various coating
techniques.” The overpotentials created due to such limitations

© 2023 American Chemical Society

7 ACS Publications

create a significant gap between the intrinsic ORR activity of
the catalysts and the practically attainable performance during
the single-cell evaluations of the membrane electrode
assemblies (MEAs) derived from the cathodes of these
catalysts.é’7 These issues necessitate a strategic design approach
for developing a cost-effective and durable catalyst with inbuilt
features for better tackling the electrode processes.” These
features mainly include provisions for dealing with the ORR
mass transport, water management, and effective “triple-phase
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Scheme 1. Schematic Representation Illustrating the Synthesis of the NEGF and the Microwave-Assisted Synthesis of the
PNEGF and Subsequently the Pt;Co-Dispersed Catalyst, Pt;Co/pNEGF, by the Polyol Method, Followed by the
Demonstration of the PEMFC Based on the Electrodes Derived from This Catalyst (Pt;Co/NEGF@GDL)
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boundary (TPB)” formation. The TPB is the region where the
gas (reactant), ions (electrolyte), and active sites (solid
surface) are in seamless contact with each other. Various
methods have been implemented to improve the activity and
durability of the ORR catalysts.*’

As better alternatives to the conventional Pt catalysts, Pt-
based alloy catalysts in which Pt is partially replaced by low-
cost transition metals such as Fe, Co, and Ni are being
proposed in recent times.'”'" Alloying Pt with another non-
noble transition metal reduces the Pt metal loading without
affecting the ORR activity."” In addition, the presence of an
early transition metal to Pt could alter the Pt—Pt interatomic
distance, resulting in a downshift of the d-band center with a
change in the electronic structures of the Pt active sites."”"
Therefore, it introduces the Pt 5d band vacancy in an alloy
structure of Pt.'* The increased d-band vacancy in the Pt
atoms leads to the increased ability to accept the 2p electron
donation from O,, resulting in improved Pt surface
adsorption.”> As a result, the binding energy of the Pt—O
bond becomes stronger, while the O—O bond becomes
weaker.'*'® Therefore, the lattice reconstruction in the alloy
structure provides preferable sites for oxygen adsorption, which
significantly accelerates the ORR kinetics.'*'> Among the Pt
alloy systems with various transition metals (Fe, Co, and Ni),
Pt—Co alloys have previously been recognized with their
higher ORR activity. °"*>' Compared to the other composi-
tions of the Pt—Co alloy structures, the Pt;Co stoichiometry is
primarily suitable for the ORR.**~>* The active site of Pt in the
Pt;Co alloys experiences a significant amount of ligand and
strain effects, which are known to suppress the adsorption
energy of the O, reduction intermediate species, resulting in
increased ORR kinetics.”>® Moreover, the distribution of the
controlled size and uniformity of the alloyed Pt;Co nano-
particles over the conducting support would increase the
overall ORR activity and durability under the operating
conditions.””*® As noted earlier, the controlled particle size
and distribution of a nanoalloy phase have advantages in

increasing the ECSA of the catalysts.”” The alloy structures
with sub-nanometer particle sizes are reported to be high-
performing toward the ORR as per the recent studies.”’
However, the introduction of non-noble transition-metal
atoms in Pt alloys with sub-nanometer particle size has
limitations as they can easily segregate due to the charge effect
resulting from the lattice mismatch.’® Therefore, incorporating
suitable conducting support with uniform nucleation sites that
can facilitate the seamless growth of the sub-nanometer-sized
alloy nanoparticles over the surface is being considered as one
of the finest strategies to improve the ORR performance of the
fuel-cell catalysts.">"”

In this context, it is important to revisit the fact that most of
the conducting carbon supports utilized to disperse the
bimetallic Pt alloys are 1D and 2D carbon-based materi-
als.>’ > While at one end, when more active ORR sites are
being generated with the nanoalloy particles, there must be a
complementary strategy in place for developing a better
support structure to effectively tackle the final electrode-
specific challenges.”* The morphological restriction of the
conventional carbon supports imparts poor mass transport
activity during the ORR process in acidic conditions.” In
addition, these carbon supports experience restacking issues,
which si%niﬁcantly suppress the ECSA of the electro-
catalysts.’*® Incorporation of the 3D porous conducting
support materials, such as those based on 3D structured
graphenes, as the substrates for interlinking the ORR active
catalytic centers is considered a promising approach.””*" The
porous structure of the self-assembled 3D supports helps in
better distribution of the Pt alloy particles, reducing the
ionomer coverage ratio and lowering the local O, transport
resistance.”® Aside from these, the presence of the graphitic
carbon support with homogeneously doped nitrogen centers
(N-doped sites) creates metal anchoring sites and improves the
metal—support interaction.’”** This helps in achieving better
durability in the harsh electrochemical conditions of the
PEMFC operation.41 Furthermore, in the self-assembled 3D
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graphene support, the pores are mostly distributed in the
meso-/macroporous region, which has less access to the sub-
nanometer-sized Pt alloy particles.*”** Therefore, the carbon
support porosity within the range of microporosity and
mesoporosity has a significant impact on the distribution of
the small-sized alloy nanoparticle as well as on ensuring
efficient mass transfer.*** In this direction, even though
various strategies have been developed to create microporous
carbon structures, many of them involve energy-consuming
processes.

Recently, microwave irradiation has been very effective for
the fast formation of micropores in the carbon substrate.”” The
microwave irradiation results in uniform heat generation within
a very short time to reach a high temperature by selective
energy transfer to the microwave-active polar substrates.*” To
best accommodate the aforementioned structural character-
istics of the conducting support, with the help of microwave
irradiation, here, we report the development of an efficient
ORR electrocatalyst based on N-doped porous 3D graphene-
supported sub-3 nm Pt;Co alloy particles (Pt;Co/pNEGF, i.e.,
the porous nitrogen-doped entangled graphene framework).
The doped-N in the graphene framework serves as the
nucleation-cum-anchoring sites for the Pt;Co nanoparticles on
the asymmetric graphene substrate. Pt;Co/pNEGEF is found to
compete well with those of the state-of-the-art Pt/C catalyst in
terms of its mass activity due to its accessible active
components (Pt;Co) and preferable mass transport channel
support.

2. RESULTS AND DISCUSSION

Scheme 1 illustrates the stages involved in the synthesis of the
Pt;Co/pNEGEF catalyst and its application as a cathode catalyst
in PEMFCs. The experimental details on the synthesis of the
various samples prepared for the present work are given in the
Supporting Information. N-doped microporous graphene
(pNEGF) was synthesized by microwave irradiation of the
NEGEF. The microwave irradiation of the NEGF in the air
atmosphere involves quick oxidation of carbon to CO, with
concomitant oxidation of some of the doped nitrogen to NO,.
These processes create micropores in the NEGF. The
generated pNEGF was employed as a support for the growth
of the Pt;Co nanoparticles. The presence of fine porosity and
uniformly doped nitrogen in the microwave-induced 3D
graphene helps the homogeneous dispersion of the positively
charged metal ions through electrostatic interactions during
the mixing process. During the polyol synthesis process at 160
°C, the Pt and Co ions nucleate on the doped-N and the
defective carbon centers mainly at the pore openings, resulting
in the uniform growth of the small-sized and spherically shaped
alloy (Pt;Co) nanoparticles over the surface of pNEGF
(designated as Pt;Co/pNEGF). The pNEGF with its well-
defined structure, porosity, and composition served as an active
substrate, which induces favorable electronic structural
modulations of the sub-nanometer-sized Pt;Co particles. In
addition, the 3D porous architectures of the conducting
support (pNEGF) in the catalyst offer an open and exposed
morphology that provides high surface area and accessible
porous architecture to the catalytic sites.

The morphological analysis of the NEGF, pNEGF, and
Pt;Co/pNEGF has been performed initially by field emission
scanning electron microscopy (FESEM). Figure la shows a 3D
self-assembly structure of the NEGF, formed by the
interconnected sheet of graphene during the hydrothermal

Figure 1. (a) FESEM image of the NEGF showing the 3D porous
architecture of the graphene sheets; (b,c) FESEM images of the
porous NEGF (pNEGF) formed through the microwave irradiation
route, representing the exfoliated 3D porous structure of the graphene
sheets; (d) FESEM image of the Pt;Co/pNEGF representing the
porous structure of the catalyst originating from the exfoliated and
interconnected morphology of the pNEGF substrate.

treatment of GO followed by freeze drying. The freeze-drying
method played an important role in establishing the 3D
structure of the NEGF. After the microwave irradiation of the
NEGF, the morphological images presented in Figure 1b,c
show the exfoliated structure of the pNEGF. The generated
exfoliated structure formed by microwave treatment and the
modified texture of the pNEGF are expected to improve the
mass transport properties as compared to the NEGF. The
incorporation of Pt;Co over the pNEGF was performed
through the polyol method, which resulted in Pt;Co/pNEGF,
retaining the same structural alignment as the bare pNEGF
with its porous architecture, as shown in Figure 1d.

More insightful information on the nature of the distribution
profile of Pt;Co on the pNEGF has been gained with the help
of high-resolution transmission electron microscopy (HR-
TEM). The image presented in Figure 2a shows the fine
distribution of the Pt;Co nanoparticles on the pNEGF. The
inset image presented in Figure 2a shows the size distribution
histogram of the Pt;Co nanoparticles, indicating the dominant
size distribution in the range of 2—3 nm. The controlled size
distribution of the Pt;Co nanoparticles without agglomeration
shows the advantage of the developed synthesis strategy. The
magnified images shown in Figure 2b (on the surface) and 2¢
(along the edge) of the 3D graphene substantiate the previous
observation that the Pt;Co nanoparticles are uniformly
distributed throughout the substrate, including its surface
and the edges. These results highlight that the microwave
irradiation of the NEGF plays an effective role in creating
uniform nucleation sites on the substrate, leading to the
controlled dispersion and distribution of the Pt;Co nano-
particles within a size range predominantly of 2 to 3 nm. This
controlled distribution of the Pt;Co nanoparticles over the
surface and the edge of the graphene mediated by the defect
sites and the doped sites of the heteroatom (N) is an
important structural benefit to the system as this can suppress
the self-agglomeration possibility of the nanoparticles under
the tri%gered conditions of the electrochemical environ-
ments.”” In addition, the fine distribution of the active sites
at the edges of the graphene layers of its 3D framework is
expected to provide better reactant accessibility due to their
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Figure 2. (a) HRTEM image of the Pt;Co/pNEGF displaying the uniform distribution of Pt;Co over 3D pNEGF (the inset image represents the
size distribution histogram of the Pt;Co nanoparticles); (b,c) magnified HRTEM images of Pt;Co/pNEGF recorded at the surface and edge of the
graphene sheet (the inset image of (c) represents the d-spacing for the Pt;Co crystal structure); (d) 3D structure of graphene displaying the
uniform dispersion of the Pt;Co nanoparticles and the respective elemental mapping of C (e), N (f), O (g), Pt (h), and N and Co (i) done on

Pt,Co/3D pNEGF.

relatively exposed nature in the catalyst framework.*” The inset
image in Figure 2c shows that the Pt;Co nanocrystal lattice
fringe widths (d-spacing) are 0.21 and 0.20 nm, which are
attributed to the (111) and (200) facets, respectively, implying
the formation of the fcc structure of the Pt;Co crystal.”” Figure
S§2, Supporting Information, presents the HRTEM images of
the Pt/pNEGF and PtCo/pNEGEF. Figure S2a,b, Supporting
Information, shows the HRTEM image of the Pt/pNEGF,
where the Pt particles are uniformly distributed. Similarly, the
HRTEM images of the PtCo/pNEGF given in Figure S2c,d,
Supporting Information, show the uniformity in the distribu-
tion of the particles. Figure 2d displays the HRTEM image of
the Pt;Co/pNEGEF, and the corresponding elemental mapping
data for the respective elements are presented in Figure 2e—i.
The elemental mapping images show the existence and
distribution of Pt, Co, O, C, and N, corresponding to the
selected composition of the catalyst. Additionally, the Pt;Co
stoichiometric composition is evidenced by the existence of Pt
and Co together in the same position, as well as the observed
close triple intensity of Pt with respect to Co.

To investigate the exact composition of the catalysts,
inductively coupled plasma (ICP) experiments were con-
ducted. Table 1, Supporting Information, presents the ICP
analysis data, indicating that the Pt and Co ratios in the
composite catalysts match well with the precursor ratios used
during the synthesis. The atomic percentages of Pt are
98.905% in 40% Pt/C, 99.301% in Pt/NEGF, 54.915% in
PtCo/pNEGF, 73.103% in Pt;Co/NEGF, and 72.115% in
Pt;Co/pNEGEF. The weight percentage of Pt is 39.56, 39.72,

21.96, 29.24, and 28.84% in 40% Pt/C, Pt/NEGF, PtCo/
pPNEGF, Pt;Co/NEGF, and Pt;Co/pNEGF, respectively.

The pore size distribution comparison profiles using the
DFT method of the NEGF, pNEGF, and Pt;Co/pNEGF
shown in Figure 3a suggest that the porosity of the NEGF
mostly resides in the region of 5—20 nm, indicating the
presence of mesoporosity. However, after the microwave
irradiation of the NEGF, the transformed pNEGF shows that
the pores are distributed in the range of 1—20 nm, which is
ascribed to the micro—mesoporous nature of the material.
Similarly, after the decoration of the 2—3 nm-sized Pt;Co
nanoparticles (Pt;Co/pNEGF), a more or less similar porosity
distribution profile (1—20 nm) is observed for the sample in
Figure 3a. The retention of the porosity after the Pt;Co
dispersion is reflected in the BET surface area as well. The
surface areas of the NEGF and pNEGF are found to be 550
and 780 m? g_l, respectively. The higher surface area of the
pNEGF is ascribed to the increased contribution of the
micropores present in the system. Both the systems (NEGF
and pNEGF) displayed type-IV isotherms (Figure S3,
Supporting Information). Interestingly, it reveals the higher
N, uptake capacity of the pNEGF compared to the NEGF,
which supports the presence of extra porosity in the system.
The higher surface area of the pNEGF, combined with its
significant porous structure, is a distinguishing benefit of the
electrocatalyst support, allowing for efficient utilization of the
electrochemically active sites by establishing a better active
TPB during the electrochemical ORR process.

The Raman spectroscopic investigation has been performed
to understand the extent of the graphitic and defective nature
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Figure 3. (a) Relative pore size distribution profiles of the NEGF, pNEGF, and Pt;Co/pNEGF, indicating the mesoporous nature of the NEGF
and the presence of micro- and mesoporous regions for the pPNEGF (2—20 nm) and Pt;Co/pNEGF (1 to 20 nm); (b) Raman spectra reported for
the NEGF, pNEGF, and Pt;Co/pNEGF; (c) XRD profiles recorded for the NEGF, pNEGF, Pt/pNEGF, PtCo/pNEGF, and Pt;Co/pNEGF; (d)
XPS survey spectra of the NEGF, pNEGF, Pt/pNEGF, and Pt;Co/pNEGF; (e) comparative Pt 4f XPS spectra of Pt/pEGF and Pt/pNEGF shows
the shift in the peak after the N incorporation into the porous graphene support system; (f) comparative Pt 4f spectra of Pt/pNEGF and Pt;Co/
pNEGEF, suggesting the binding energy shift after Co incorporation into Pt.

in the porous carbon systems. The intensity of the defective
and graphitic peak (Ip/I) ratio points toward the extent of the
defects created or present in the carbon systems. Figure 3b
shows the comparative Raman spectra of the NEGF, pNEGEF,
and Pt;Co/pNEGF. The peaks that appeared at 1350 and
1590 cm™" are credited to the G and D bands, respectively.*’
In the case of the NEGF and pNEGF, the measured Ip/Ig
ratios are 1.25 and 1.32, respectively. The increased I,/ value
reported for the pNEGF points toward new defect site creation
during the microwave irritation. During the microwave heat
treatment, some of the carbon and nitrogen species are
oxidized to CO, and NO,, respectively, and create additional
porosity in the NEGF which is evidenced as defects in the
Raman spectrum. After incorporating Pt;Co over the pNEGF,
the Ip/I; ratio becomes 1.33, which is almost comparable to its
counterpart pNEGF. A small change in the I/I; ratio for the
Pt;Co/pNEGF is expected to be due to the lattice stress
created at the growth time of the metal alloy particles over the
N-doped graphene during the polyol method at 180 °C.*
Moreover, the analysis of the Raman spectra for Pt;Co (Figure
S4, Supporting Information) indicates the existence of peaks in
the range of 400—600 cm™', which correspond to the
vibrations of the Pt—Co bond in a distinct plane of the
Pt;Co alloy.* Similarly, a comparable peak can be observed in
the Pt;Co/pNEGF, but its intensity is somewhat lower than
that of the pristine Pt;Co, which is likely due to the influence
of the carbon support.

The comparative X-ray diffraction (XRD) profiles of the
NEGF, pNEGF, Pt/pNEGF, PtCo/pNEGF, and Pt;Co/
pNEGEF are shown in Figure 3c. For the NEGF, the two
XRD peaks that appeared at the 26 values of 26 and 43°
correspond to the graphitic diffraction planes (002) and (100),

respectively.”® Similar peak features are observed in the case of
the microwave-irradiated sample, i.e.,, pNEGF, with a broad
appearance and a shift in the 26 value in the negative direction.
The shift in the 26 value is ascribed to the change in the d-
spacing created by the microwave exfoliation of the graphene
sheets. The XRD profile of Pt/pNEGF displays three
diffraction peaks at the 260 values of 39.78, 46.26, and
67.55°, corresponding to the (111), (200), and (220) planes
of the Pt metal with an fcc structure. However, with the Co
incorporation into Pt, the resulting PtCo/pNEGF and Pt;Co/
pNEGF show a shift in the positions of the (111) and (200)
peaks.””*” The observed XRD peak shifts for PtCo/pNEGF
and Pt;Co/pNEGF (39.8°) are due to the contraction of the
Pt lattice after the alloy formation.”® Moreover, the alloy
structure has been confirmed with the standard JCPDS cards
of the Pt;Co alloy phase (JCPDS no.: 29-0499)."' The
formation of the alloy structure with a significant change in the
20 value alters the fcc crystal structure and the binding energy
with oxygen as an intermediate species during the ORR
process.

The X-ray photoelectron spectroscopy (XPS) analysis has
been done to analyze the elements and the corresponding
chemical nature of the prepared catalysts, which are presented
in Figure 3d. The comparative XPS survey scan spectra of the
NEGF, pNEGF, Pt/pEGF (without N-doping), Pt/pNEGF,
PtCo/pNEGF, and Pt;Co/pNEGEF are presented in Figure 3d,
which shows the presence of Pt, Co, C, N, and O in the
respective catalyst materials. The survey scan spectrum of the
pNEGF obtained through microwave irradiation shows that
the peak intensity of N 1s and O 1s has been suppressed as
compared to that of the NEGF. The comparative Pt 4f XPS
peaks for the N-doped and without N-doped porous graphene-
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Figure 4. (a,b) Comparative CV curves recorded for Pt;Co/pNEGF and Pt/C in O,- and N,-saturated 0.1 M HCIO, solutions with a scan rate of
50 mV/s at 900 rpm of the WE; (c) comparative LSV plots recorded for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C
toward ORR activity in O,-saturated 0.1 M HCIO, with a scan rate of 10 mV/s at 1600 rpm of the WE; (d) bar chart comparing the mass activities
and specific activity for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C with respect to the measured mass loading of Pt; (e)
comparable Tafel slopes analyzed from the ORR LSV profiles; (f) amount of H,0, formed (%) and the corresponding electron transfer number (n-
value) calculated for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C.

supported Pt system are shown in Figure 3e. The figure
displays two doublet peaks of Pt 4f,/, and Pt 4f;, for the Pt 4f
spectrum at 71.6 and 74.9 eV for Pt/pEGF and at 71.4 and
74.7 eV for Pt/pNEGF. The observed Pt 4f peak shift for Pt/
pNEGF toward the negative value compared to Pt/pEGF
points toward the role of the doped-N toward the anchoring of
Pt;Co resulting from the electronic interaction between them.
The shift in the binding energy value is ascribed to the charge
transfer from N to Pt, which improves the interaction between
Pt;Co and the doped-N of the pNEGF.' Moreover, the
deconvoluted N 1s spectra of Pt/pNEGF shown in Figure SS5a,
Supporting Information, state the presence of four types of
nitrogen for pyrrolic-N at 399.7 eV and pyridinic-N at 398.6
eV, with a smaller fraction of NH," at 405.5 eV and graphitic-
N at 400.5 eV. Furthermore, the deconvoluted spectra of Pt/
pNEGF (Figure 3f) suggest the two spin—orbit split doublets
of Pt 4f;/, and 4f;,,. The observed binding energy (BE) value
at 71.7 and 75.1 eV for the +2 oxidation state of Pt and BE
values of 71.9 and 75.3 eV, respectively, reveal the existence of
the zero-valent metallic state of Pt in the Pt/pNEGE.'®** The
binding energy comparison (Figure 3f) of the Pt 4f peaks
ensures the positive shift in the BE at 71.8 and 75.2 eV for the
+2 and 72.0 and 75.4 eV for the zero oxidation state for
Pt;Co/pNEGF compared to Pt/NEGF due to the inclusion of
Co in the Pt structure and the resulting lattice contraction.*’
This shift in the BE after the Co incorporation into the Pt
lattice structure supports the formation of the bimetallic
(Pt;Co) alloy phase. Investigation of the Co 2p deconvoluted
spectra shown in Figure SSb, Supporting Information,
evidenced the two spin—spin coupling peaks at the BEs of

780.2 and 795.5 eV for Co 2p;;, and 781.0 and 796.3 eV for
Co 2p, /2.5’45 This confirms the existence of Co in +2 and zero
oxidation states in the system.”” The higher oxidation state of
Co in Pt;Co/pNEGF supports the previous finding of the
charge transfer from the Co to the Pt metal.” In the alloy
structure of Pt;Co, due to the lower electronegativity of Co
(1.9) compared to that of Pt (2.2), an electron transfer from
Co to Pt is expected.”” The electronic structure of Co gets
modified by Pt in the Pt;Co alloy, which claims that the
transfer of charge from Co to Pt leads to a higher oxidation
state of Co.””

The weight % of the loaded metal catalytic active centers
over carbon has been determined by thermogravimetric
analysis (TGA). Figure S6, Supporting Information, shows
the comparative TGA weight loss profile for Pt/pNEGEF,
PtCo/pNEGEF, Pt;Co/NEGF, Pt;Co/pNEGEF, and Pt/C. After
the complete oxidation of carbon and nitrogen from the N-
doped carbon support (pNEGF) in the system (Pt;Co/
NEGF), the residue content is found to be ~40 wt % for all the
catalyst systems.

The ORR performance of the synthesized catalysts has been
probed with the help of electroanalytical techniques. A three-
electrode electrochemical cell consisting of the catalyst-coated
glassy carbon electrode as a working electrode (WE) and
graphite carbon rod and Ag/AgCl as the counter electrode and
reference electrode (RE), respectively, was employed for
performing the single-electrode studies. The recorded potential
against Ag/AgCl was converted to the RHE scale with the
conventional method (for details, refer to the corresponding
discussion in Figure S1, Supporting Information). The
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Figure S. Comparative CV profiles recorded for Pt;Co/pNEGF (a) and Pt/C; (b) toward the ORR in O,-saturated 0.1 M HCIO, at 1600 rpm of
the WE before and after 10,000 cycles with a scan rate of SO mV s™; comparative LSV profiles recorded for Pt;Co/NEGF (c) and Pt/C; (d)
toward the ORR in O,-saturated 0.1 M HCIO, recorded before and after 10,000 CV cycles at 1600 rpm of the WE before and after 10,000 cycles

with a scan rate of 50 mV s™L.

electrochemical ORR performance of all the prepared and
state-of-the-art catalysts has been evaluated by rotating disk
electrode studies in a 0.1 M HCIO, solution. The comparative
CV profiles presented in Figure S7a,b, Supporting Information,
show the improved limiting current density of the pNEGF
after the microwave treatment of NEGF. The higher
percentage of microporosity helps in more charge accumu-
lation on the porous substrate than the NEGF having only
mesoporosity. Similar behavior is observed in the comparative
LSV performance measurement in Figure S7c, Supporting
Information.

Figure 4a,b shows the recorded cyclic voltammograms for
Pt;Co/pNEGF and Pt/C, respectively, in the N,- and O,-
saturated atmosphere. A similar redox peak feature has been
observed in both cases. The redox peaks that appeared
between the potential ranges of 0.0 to 0.20 V correspond to the
hydrogen adsorption and desorption happening at the Pt
surface. The ECSA was calculated in the hydrogen adsorption
and desorption region from the N,-saturated cyclic voltammo-
grams of the samples. Pt;Co/pNEGF and Pt/C show the
ECSA values of 52 and 69 m* g, ", respectively. The intrinsic
ORR activity of the catalysts has been investigated by
recording the LSV profiles in N,-/O,-saturated 0.1 M
HCIO, at a voltage scan rate of 10 mV s™' by maintaining
the WE rotation at 1600 rpm. The comparative linear sweep
voltammograms presented in Figure 4c show a significantly
improved onset potential (0.93 V) for Pt;Co/pNEGF with
respect to the other control samples prepared, i.e., Pt/pNEGF
(0.88 V), PtCo/pNEGF (0.89 V), and Pt,Co/NEGF (0.93 V).
The onset potential for Pt;Co/pNEGF is comparable to that of
Pt/C (0.94 V) and higher than that of Pt/pNEGF (0.89 V),
signifying the importance of the bimetallic alloy of Pt and Co.
Furthermore, a higher onset potential for Pt;Co/pNEGF as
compared to that for PtCo/pNEGF suggests the importance of
maintaining the stoichiometric composition of the catalysts

28029

with distinct alloy phases. In addition, the half-wave (E,,)
potential for the catalysts has been calculated for all the
catalysts from the respective LSV profiles. The observed E, /,
values for Pt/pNEGF, PtCo/pNEGF, Pt;Co/NEGF, Pt;Co/
pNEGF, and Pt/C are 0.71, 0.73, 0.76, 0.77, and 0.83 V,
respectively. The significantly improved E, /, value for Pt;Co/
pPNEGF compared to that for Pt;Co/NEGF is expected to
originate from the structural advantage of having the better
porous texture of the microwave-irradiated substrate in the
case of Pt;Co/pNEGF. To expand the analytical range, the
ORR data from a commercially available 20% Pt/C catalyst is
compared with that of 40% Pt/C and Pt;Co/pNEGF (Figure
S8, Supporting Information). The results indicate that the
onset potential values for both catalysts are similar; however,
the half-wave potential and limiting current densities for the
20% Pt/C catalyst are lower in comparison to those for the
40% Pt/C catalyst. The limiting current value for 20% Pt/C is
also found to be slightly lower than that for Pt;Co/pNEGF.
This could be due to the lower loading of the Pt active sites
(20%) in the catalyst compared to the relatively higher loading
of Pt of 40 and 30 wt %, respectively, in 40 wt % Pt/C and
Pt;Co/pNEGF. The comparative mass activity and specific
activity plot (calculated using eqs 2—4, Supporting Informa-
tion) with respect to Pt are presented in Figure 4d in the
double Y-axis format (the color pink is utilized to represent the
mass activity, whereas the color blue is used to represent the
specific activity). The mass activity for Pt is 386.2 A mg™ in
Pt/C, 63 A mg™' in Pt/NEGF, 114 A mg™" in PtCo/pNEGF,
145 A mg! in Pt;Co/NEGF, and 403 A mg ' in Pt;Co/
pNEGF. The specific activity for Pt is 559 mA mg~" in Pt/C,
151 mA mg™' in Pt/NEGF, 248 mA mg™' in PtCo/pNEGF,
295 mA mg ™' in Pt;Co/NEGF, and 775 mA mg ' in Pt;Co/
pNEGF. This means that Pt;Co/pNEGF has 1.5 times higher
mass activity compared to 40% Pt/C based on the
quantification made at 0.085 V. Figure S9, Supporting
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Figure 6. (a) Digital photograph showing the testing arrangement with a 3 X 3 cm” fixture connected to the fuel-cell test station (an inset image
showing the digital photograph of the MEA); (b) comparative I-V polarization plots for the single-cell testing of the PEMFC using the three
configurations as (i) Pt;Co/pNEGF (cathode) + Pt/C (anode), (ii) Pt;Co/NEGF (cathode) + Pt/C (anode), and (iii) Pt/C as the cathode and
anode by sandwiching with the Nafion 212 membrane. The testing was carried out under H,/O, conditions for the MEA.

Information, shows the comparative LSV profiles, indicating
the mass activities with respect to Pt for Pt/pNEGF, PtCo/
pNEGEF, Pt;Co/NEGF, Pt;Co/pNEGF, and Pt/C. This higher
mass activity of Pt;Co/pNEGF suggests a better synergistic
interaction operating between Pt;Co and the N-doped
microporous 3D support.

Further insight into the ORR kinetics has been achieved
from the Tafel slope data shown in Figure 4e. The measured
Tafel slope values of the catalysts follow the order: Pt/pNEGF
(72 mV dec™!) > PtCo/pNEGF (68 mV dec™) > Pt;Co/
NEGF (67 mV dec™) > Pt;Co/pNEGF (64 mV dec™") > Pt/
C (62 mV dec™). The lower Tafel slope value for Pt;Co/
pPNEGEF as compared to that for Pt/pNEGF and PtCo/pNEGF
suggests better feasibility of the ORR on this system. The
observed trend of the Tafel slope also suggests the role played
by Co incorporation into the Pt lattices by supporting the
catalyst to perform more effectively toward the ORR process.

To know the mechanism of the electrochemical ORR
process, RRDE analysis was done in 0.1 M HCIO,. The
obtained H,0,% generated during the ORR cycle was
investigated and quantified as shown in Figure 4f The
recorded amount of H,O, during the catalytic ORR process
was found to be less than 4% for Pt;Co/pNEGF, which is close
to that recorded on Pt/C (~2%). The result reveals that, like
Pt/C, Pt;Co/pNEGF also promotes the direct 4e-transfer
process for the reduction of oxygen. The amount of H,O,
calculated for Pt;Co/NEGEF is 6%, which is slightly higher than
that for Pt;Co/pNEGF. Furthermore, the number of electrons
involved (n-value) in the oxygen reduction process has also
been estimated, and the values are as follows: Pt;Co/NEGF
(3.8), Pt;Co/pNEGF (3.9), and Pt/C (4.0). The lower
percentage of H,0,, as well as the n-value close to 4 for Pt;Co/
pPNEGEF, suggest that the system is fairly free from the parasitic
two-electron reduction process, which was expected to be a
possible process due to the presence of Co- and N-doped
carbon in the catalyst composition.

The electrochemical accelerated durability test (ADT) of the
catalyst has been performed by recording 10,000 cycles in
oxygen-saturated 0.1 M HCIO, at a scan rate of 100 mV s~
within the potential range of 0.80 and 1.2 V with respect to the
RHE. After the durability cycling, the CV and LSV results were
recorded on Pt;Co/pNEGF and Pt/C which were compared
against the corresponding initial cycles as shown in Figure Sa,b,
respectively. The CV profiles recorded before and after the
10,000 cycles (Figure Sa) for Pt;Co/pNEGF show nearly

28030

similar peak features of hydrogen adsorption and desorption.
After 10,000 cycles, the ECSA change for Pt;Co/pNEGF
(AECSA = S m* gp,) is lower than the value obtained for Pt/
C (AECSA = 9 m” g,') (Figure 5b). Furthermore, the LSV
curve recorded before and after the ADT CV cycling showed a
shift in the E,/, value in a negative direction with a drop of 24
mV for Pt;Co/pNEGF (Figure Sc). The observed change in
the E,, value for Pt;Co/pNEGEF is lower than that for Pt/C
(32 mV) (Figure 5d) recorded under identical conditions. This
indicates the better stability of the homemade catalyst under
operating conditions and is attributed to the less corrosive
nature of the graphitic carbon support. Furthermore, the
strong interaction between the doped-N and Pt;Co nano-
particles is also expected to play a major role in enhancing the
electrochemical stability of the catalyst. The ADT result has
another major implication because, even though Pt/C appears
to be a better catalyst than Pt;Co/pNEGF based on the initial
key performance indicators such as the E,,, value and Tafel
slope, in the long run, Pt;Co/pNEGF is expected to beat the
performance of Pt/C. The conventional carbon-based catalysts
are vulnerable to electrochemical corrosion, which has been
considered as a major drawback particularly when the PEMFC
is expected to be subjected to periodic on—oft cyclings. The
ADT reveals that the Pt;Co/pNEGEF is electrochemically more
enduring and can warrant better dividends in terms of
performance in the long run. This will be further
complemented by its porous structure based on the entangled
network of the graphene layers, ensuring a greater ability to
prevent particle aggregation and the associated issues related to
mass transfer and water management during the operation of
the PEMFCs.

The structural analysis of the post-ADT samples by HRTEM
points toward the structural endurance of the Pt;Co/pNEGF
(Figure S10, Supporting Information). Figure S6a,b displays,
respectively, the HRTEM images of Pt;Co/pNEGF taken
before and after ADT. Apparently, the triggered condition did
not reveal any visual changes in the nature of the dispersion of
the Pt;Co nanoparticles and the overall morphology of the
catalyst system. On the other hand, a similar analysis of Pt/C
(Figure S10c,d, Supporting Information) reveals the issue of
the aggregation of the Pt nanoparticles subsequent to ADT.
The more stable graphitic nature of the pNEGF and strong
interaction of the Pt;Co nanoparticles assisted by the
nanoporous texture of the substrate and its N-doped anchoring
sites could be the major contributing factors that bring the
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improved stability of the dispersion state of the active sites in
the case of Pt;Co/pNEGF. These findings are in accordance
with the results of XPS and the morphological studies as
detailed in the previous sections.

Since Pt;Co/3D pNEGF shows significantly improved ORR
activity and durability in acidic conditions, the catalyst was
tested by employing it as the cathode for PEMFCs by
fabricating the MEA followed by single-cell testing. For
comparison purposes, the MEAs made from the state-of-the-
art Pt/C (Johnson Matthey) and Pt;Co/NEGF (without
microwave treatment) were also tested under identical
conditions. The MEAs based on Pt;Co/pNEGF and Pt;Co/
NEGF were made by sandwiching the respective catalyst-
coated porous gas diffusion layer (GDL and SGL carbon) as
the cathode (0.50 mg cm™2), Pt/C catalysts-coated GDL as the
anode (0.50 mg cm™?) on either side of a Nafion 212 (DuPont,
USA) proton conducting membrane. In the case of the MEA
based on Pt/C, the catalyst-coated GDL was employed for
both the anode and cathode (0.50 mg cm ™) in the MEA. The
active area of the MEA was maintained at 9 cm? in all the cases.
The testing was performed by mounting the hot-pressed MEA
in a single-cell test fixture (Fuel Cell Technologies Inc, USA)
and connecting it to a fuel-cell test station (Fuel Cell
Technologies Inc, USA). The testing was performed by
following the standard operating protocols under H,—O, feed
conditions, initially by activating the MEA under humidified
conditions till the cell reached a condition to deliver its
maximum optimized active sites in the case of the electrode
based on Pt;Co/pNEGF, which is expected to improve the
active TPB performance at 60 °C. The photograph of the
single-cell fixture connected to the fuel cell test station and the
image of the magnified view of the MEA used are presented in
Figure 6a.

Once the system attains steady open-circuit voltage (OCV),
the test station drags current as per the preset standard
program, and the current (I)—voltage (V) polarization plots
are generated. The thus-obtained comparative -V polar-
ization plots for the three MEAs are presented in Figure 6b. It
is interesting to note that both Pt;Co/pNEGF and Pt/C
cathode-based MEAs have only a slight difference in terms of
their I-V polarization characteristics even though the
difference in their ORR activity as validated from the single-
electrode LSV profiling is comparatively more significant
(Figure 4c). The performance of the Pt;Co/NEGF (without
the nanopores)-based MEA is the least among the three MEAs
tested. The OCV values for the MEA with the Pt;Co/pNEGF
cathode and its counterpart system with the Pt/C cathode are
0.89 and 0.91 V, respectively. This trend in the OCV values is
consistent with the intrinsic ORR activity of the catalysts,
which slightly favors Pt/C over Pt;Co/pNEGEF in terms of the
ORR onset potential and E,,, values. The OCV value for the
Pt;Co/NEGF (0.86 V) is lower than that for the Pt;Co/
pNEGEF, which is ascribed to the favorable role played by the
microporous structure of the 3D graphene in the latter case.
Furthermore, the I-V polarization plots of the MEA based on
the Pt/C, Pt;Co/pNEGEF, and Pt;Co/pNEGF as the cathode
catalysts are compared with respect to the performance at 0.60
V, which is a commonly used metric for evaluating the
performance of PEMFCs. The current densities measured at
0.60 V for the Pt;Co/NEGEF, Pt;Co/pNEGF, and Pt/C-based
cells are 850, 790, and 600 mA/cm?, respectively. The better
performance of the cell based on Pt;Co/pNEGF compared to
its counterpart system (Pt;Co/NEGF) is credited to the

improved microporous texture of the catalyst which helps to
attain a favorable active interface in the electrode. Further-
more, the higher performance of the system based on Pt/C is
in agreement with the higher catalytic activity of Pt/C as
reflected in the LSV profiling during the ORR performance
mapping. Also, it is interesting to note that the difference in the
performance of the Pt;Co/pNEGF- and Pt/C-based MEAs
gradually narrows down as the current dragging increases, and
finally, at around 2.25 A cm™?, the performance of both the
MEAs reaches the same level, registering a maximum power
density of 800 mW cm 2. This gradually improved perform-
ance of the MEA based on the homemade catalyst with the
current dragging is a clear indication of the better mass
transport and water management offered by the electrode
made from this catalyst due to its more process-friendly
texture. The porous texture has an exposed and better
accessible nature of formation with the Nafion ionomer
without compromising its porosity.

The TPB is created when the catalyst, ionomer, and reactant
gases are combined efficiently, which balances the oxygen
transport and water management at the catalyst layer (CL)
interface. Hence, it is crucial to promote the formation of an
improved interface within CL. Thus, the CL plays an
important role in the TPB formation, maintaining suitable
interface creation with the GDL and electrolytes. Therefore,
prior to the assembly of the MEA, the catalyst-coated GDL was
analyzed to evaluate the contribution of the CL in the TPB
formation. The 3D microstructure of the cross-section of the
GDL and catalyst-coated GDL was examined using FESEM.
Figure S11, Supporting Information, shows the cross-sectional
FESEM images of the GDL, Pt-supported carbon-coated GDL
(Pt/C@GDL), Pt;Co/NEGF-coated GDL (Pt;Co/NEGF@
GDL), and Pt;Co/pNEGF-coated GDL (Pt;Co/NEGF@
GDL). Figure Slla and the inset image show the cross-
sectional FESEM image of the bare GDL which represents a
flat surface, whereas a thick layer of the catalyst was observed
when the GDL was coated with Pt/C as shown in Figure S11b
and its inset image. Furthermore, the cross-sectional FESEM
image of Pt;Co/NEGF@GDL (Figure Sllc) represents a
thick layer of the catalyst with a rough surface. The magnified
FESEM image analysis of the Pt;Co/NEGF@GDL shown in
the inset image of Figure S11c displayed the porous structure
of the CL. In addition, the yellow dotted line in the inset image
of Figure Sllc shows the self-assembled structure of the 3D
graphene. The microwave treatment of the 3D graphene
(pNEGF)-supported alloy-coated GDL (Pt;Co/pNEGF@
GDL) (Figure S11d) displayed a thick layer of the 3D self-
assembled structure of the catalyst over the GDL. Moreover,
the marked yellow dotted line in the magnified image of Figure
S11d shows a crumbled porous structure for the microwave-
treated support. The porous self-assembly structure obtained
after the microwave treatment is beneficial to form an
asymmetric CL that helps the TPB formation by providing
better active interface formation with the membrane and GDL,
thereby enhancing the oxygen and proton transfer mechanisms
of the MEA during the PEMFC operation.

Water management plays an important role in efficient TPB
formation that affects the performance and durability of the
MEA. Specifically, the water management in the CL and the
interface of CL, membrane, and GDL is crucial to balance the
proton and oxygen transport to the TPB during the MEA
operation. Therefore, CL requires a proper hydration balance
to avoid excessive liquid water, which can impede gas flow to
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the reaction sites and dry conditions and hinder proton
transfer. To evaluate the wetting (hydrophobicity/hydro-
philicity) properties of the CL, contact angle (CA) measure-
ments were performed for the GDL, Pt/C@GDL, Pt;Co/
NEGF@GDL, and Pt;Co/pNEGF@GDL (Figure S12,
Supporting Information). Figure S12a shows the CA value
for the blank GDL, which is almost 180°; this is due to the
superhydrophobic nature of the PTFE-coated microporous
layer of the GDL, and the resulting surface has no aflinity for
water. Additionally, the Pt/C-coated surface of the GDL (Pt/
C@GDL) shown in Figure S12b had a CA of 138°, indicating
comparatively higher hydrophilicity and improved affinity for
water. Similarly, the Pt;Co/NEGF-coated GDL (Pt;Co/
NEGF@GDL) exhibited a CA value of 135.7° (Figure
S12c), which indicates further higher hydrophilicity compared
to that of Pt/C@GDL. After the microwave treatment of the
NEGF, the formed pNEGEF-supported Pt;Co alloy-coated
GDL (Pt;Co/pNEGF@GDL) had a more rough and porous
surface, which led to more water accumulation and a lower CA
value of 109.2° (Figure S12d). A CA of close to 90° can help
to balance the hydrophilicity and hydrophobicity at the CL
interface, thereby improving the water management on the
catalyst surface, which is an important criterion to design the
suitable TPB formation unit.

In the membrane/CL/GDL interface, the CL consisting of
the catalyst and ionomer interaction plays an important role in
the effective TPB formation. The efficient combination of the
catalyst and the ionomer facilitates proton transfer and
balanced interaction with the reactant oxygen at the TPB.
The polarization plots were generated for various Nafion/
carbon (N/C) ratios of 0.20, 0.30, and 0.40 to evaluate their
impact on the power density and current density characteristics
for the different MEAs fabricated with the Pt;Co/pNEGF
catalyst. The I-V plots in Figure S13 show that when the N/C
value is 0.20, the OCV value is around 0.82 V, and the power
density is 765 mW cm 2. By changing the N/C value to 0.30,
the OCV (0.89 V) and the power density (800 mW cm™2)
values are found to be significantly improved. Furthermore,
while increasing the N/C to 0.40, a drop in the OCV (0.80)
and the power density (790 mW cm™?) is observed as shown
in Figure S13. The best performance for the MEA was
observed at N/C = 0.30, which is attributed to the appropriate
ionomer-to-carbon ratio for the Pt;Co/pNEGF catalyst,
facilitating better TPB formation. These results emphasize
the importance of the ionomer concentration for a particular
catalyst.

To gain a further insightful understanding of the effects of
the membrane/CL/GDL interface along with the mass
transport and water management in the MEA performance
during the fuel cell testing condition, the electrochemical
impedance spectroscopy (EIS) analysis has been performed
and the data are presented in Figure S14. This study employed
the EIS analysis to assess the MEAs containing different
catalysts, namely, Pt/C, Pt;Co/NEGF, and Pt;Co/pNEGF, in
the cathode. The EIS measurement has been performed at the
OCYV, 0.60, and 0.20 V. Figure S14a shows the Nyquist plots
recorded at the OCV, which reveals that both Pt/C and
Pt;Co/pNEGF have almost the same charge transfer
resistance, whereas the Pt;Co/NEGF-based MEA shows
higher charge transfer resistance. Additionally, the comparative
Nyquist plots (Figure S14b) recorded at 0.60 V show a lower
intercept for Pt;Co/pNEGF compared to those for Pt/C and
Pt;Co/pNEGF due to the better interface formation with the

membrane and GDL, which suppresses the ohmic resistance.
However, the charge transfer resistance for Pt;Co/pNEGEF is
found to be higher than that of Pt/C due to the slow ORR
kinetics of the former compared to the latter. Furthermore, a
significant change in the ohmic resistance is observed in the
Nyquist plots recorded at 0.20 V. As the 0.20 V is the higher
current density region with the possibility of more water
formation, the EIS spectra (Figure Sl4c) show that there is a
significantly favorable change in the ohmic resistance for the
MEA based on Pt;Co/pNEGF compared to that of the Pt/C-
based MEA. At 0.20 V, a lower charge transfer resistance has
been noticed for the Pt;Co/pNEGF-based MEA compared to
the counterpart systems based on Pt/C and Pt;Co/NEGF.
This is ascribed to the presence of the microporous layer of the
pNEGF, which helps to attain better interface formation and
thereby improve mass transfer and water management at
higher current densities.

Hence, the electrode offers better oxidant distribution and
water dissipation, which are expected to be more sluggish
under high current dragging conditions in the case of the
normal electrodes. This is the region where the electrodes
based on conventional carbon-based catalysts struggle and fail
to deliver good performance. It also should be noted that the
microwave treatment creates a greater contribution of smaller
pores in the case of Pt;Co/pNEGF compared to that in
Pt;Co/NEGEF. The significant performance difference between
the MEAs based on these two catalysts as the cathode implies
that the greater extent of the nanopores has a significant role in
favorably tuning the cell performance. The nanopores play a
critical role as oxygen nanoreservoirs and help to increase the
local oxygen concentration, thus aiding the Pt;Co/pNEGF
system to work in a comparatively better mode during the
polarization conditions. The advantage of the Pt;Co/pNEGEF-
based MEA over its counterpart based on Pt/C in the high
current dragging condition, even though it looks less significant
in a small area single-cell polarization data, will have stronger
implications in larger MEAs and even prominently as we go
from the single cells to the stacks of PEMFCs. In this context,
the interesting trend obtained in the I-V polarization plot of
the MEA based on the Pt;Co/pNEGF cathode with its
process-friendly nature has greater technological significance
and prospects apart from its another important advantage of
having better corrosion resistance as confirmed from the ADT
(Figure 5).

3. CONCLUSIONS

A unique 3D structured ORR electrocatalyst based on the
nitrogen-doped porous graphene-supported Pt;Co nanopar-
ticles (Pt;Co/pNEGF) was prepared by employing a
sequential preparation process involving freeze drying, micro-
wave treatment, and polyol reduction. The introduction of
nano-/microporosity into the 3D micro—mesoporous con-
ducting support system has great advantages over those
carbons which display only mesoporosity. It is found that the
surface adsorption properties of the Pt are considerably
modified by the stoichiometric addition of Co into the system.
Furthermore, a well-suited stoichiometric composition of Pt
and Co (ie, Pt;Co in the present case) along with the
controlled interplay of the other contributing factors such as
the doped nitrogen, microporosity, and 3D architecture of the
catalyst unit favorably modulates the catalyst toward the
oxygen adsorption and subsequently the ORR performance.
The 3D structure of the support favors mass transfer and

https://doi.org/10.1021/acsami.3c03372
ACS Appl. Mater. Interfaces 2023, 15, 28023—28035


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c03372/suppl_file/am3c03372_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c03372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

effective formation of the active “TPB”, and as a result, Pt;Co/
PNEGF shows an ORR activity that differs only slightly from
that of the state-of-the-art (Pt/C) catalyst. The synergistic
interactions operating in the system between the Pt;Co
nanoparticles and the N-doped porous graphene are primarily
responsible for the higher catalytic activity and durability
displayed by Pt;Co/pNEGF. The presence of nano-/micro-
porosity in the carbon system enhances the available reaction
sites for the gas and electrolyte interface formation and
contributes significantly to improving the mass activity of the
catalyst. Pt;Co/pNEGEF also displays high structural endurance
and corrosion resistance, and the dispersion characteristics of
the Pt;Co nanoparticles and the textural features of the catalyst
are found to be unaffected even after the system is subjected to
the electrochemical potential cycling stability tests that last for
10 K cycles. Finally, PEMFC testing in a single-cell mode by
fabricating an MEA, with Pt;Co/pNEGF as the cathode and
Pt/C as the anode using Nafion 211 membrane, displayed the
better ability of the MEA based on the homemade catalyst to
perform under high current dragging conditions. This is an
important advantage that has a significant impact on dealing
with the mass transfer and water management issues in the
case of the larger MEAs and PEMFC stacks. This advantage in
the I-V polarization profiling of the MEA made from Pt;Co/
pPNEGE is a result of the attained more process-friendly texture
of the electrode that is better suited to dealing with the mass
transfer, reactant distribution, active site utilization, and water
management. This is an important technological advantage of
the electrode, apart from the improved corrosion resistance of
the catalyst, as proven by the accelerated durability studies.
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