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Abstract

In recent years there is a significant interest in developing and exploring new and effi-
cient functional materials for emergent energy applications. Such applications include
individually tiny energy-consuming device operations but are necessarily implemented
on a very large volume such as advanced computer chips and sensors for the Internet
of Things (IOT), batteries for electric mobility, grid-scale power handling, and storage.
Towards this end, in this work, we have focused on two classes of materials, namely
antiperovskites and chalcogenides, which are endowed with interesting set of physical
properties in view of their unique structures and chemistry. We have chosen two an-
tiperovskites FesSnC and Co3CulN as representative cases for battery and spintronic
(IOT) applications and interface between antiperovskite nitride and perovskite oxide as
an emerging hetero-interface material for its diverse functionality applications. We have
combined theoretical as well as experimental work so as to generate a comprehensive
understanding about the basic functionality (structure-chemistry-property relationship)

of these materials and how the same unfolds in real applications in each case.

Chapter 1

A key notion defining the progress of the emergent fields of modern electronics, renewable
energy, and smart systems is “charge storage” which is primarily embodied in various
battery chemistries and systems. In addition to the “charge” property, the electron also
has the “spin” property which is exploited in the field of “spintronics” to access novel
magnetically controlled device actions that are not accessible to conventional electron-
ics. An interesting question is whether the two can be fruitfully integrated into a single
device concept to expand the horizon of device design and applications. Herein, we
present a combined experimental and theoretical study of virgin and lithiated conduct-
ing intermetallic anti-perovskite with nominal stoichiometry represented as Li,FesSnC
(x =1, 2, 3, 4) to establish the principle of reversible and concurrent charge and spin
polarization storage that can be aptly christened as Iono-Spintronics representing a no-
tion of Spintronic Battery. The experimental results however showed that lithiation
turns the system into a biphasic state comprised of tin-lithium alloy (due to high affin-
ity of Sn for Li) along with lithiated Fe3C; the process exhibiting multiple cyclability
(rechargeability).
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Chapter 2

Surface modified antiperovskite nitride CogCuN with high specific capacity have been
studied as high-performance anodes for Li-ion storage devices. Herein, an antiperovskite
Co3CuN was prepared via the hydrothermal method followed by calcination in the NH3
atmosphere. A surface modified CozCuN (Cu;_,NCo3z_,/CuFeCo) was also designed
and studied as an anode material for Li-ion battery (LIB), the material was noted to

1 1

at a current density of 0.1 Ag™" whereas

1

deliver a reversible capacity of 1150 mAhg™
pure CozCulN showed the reversible capacity of 408 mAhg™" at a current density of
0.1 Ag—!. It also exhibited very good retention of the initial capacity of surface recon-
structed CogCuNN after 350 charge-discharge cycles which is more than 62% retention of
capacity at 0.1 Ag~!. Finally, the Li-ion full cell performance of surface reconstructed
Co3CuN was studied using LiNip 5 Mng 3C0¢.202 (NMC-532) as a high-capacity cathodic
counterpart, which showed a very high reversible capacity of 600 mAhg~! (based on the

I with 35% retention of capacity

anode weight) at an applied current density of 0.1 Ag™
after 100 cycles. This work offers new promising strategies to improve a higher reversible

capacity of antiperovskite as an anode material for Li-ion battery applications.

Chapter 3

In the 3rd chapter, we have addressed the epitaxial heterostructure interface of thin-film
between nitride antiperovskite and oxide perovskite by a physical deposition process
using the Pulse laser deposition technique (PLD). Designing and growing the antiper-
ovskite and perovskite heterostructure and exploring the corresponding interface prop-
erties is an interesting but challenging task due to their complex structural surface
phase(s) and dissimilar chemical character. Herein, we report the growth of epitax-
ial heterostructure interface of magnetic intermetallic antiperovskite nitride Co3CulN
(CCN) on the non-magnetic insulating metal oxide single crystal substrate of LaAlO3
(LAO) by using the physical thin film deposition technique of Pulsed Laser deposition or
PLD. PLD is a well-known method of film growth in the field of oxide epitaxy because
of its natural strength of true stoichiometry transfer from a single sintered target to the
film. Its applicability to the growth of an intermetallic like CCN entails an optimization
effort.



Chapter 1

Introduction

1.1 Importance of renewable energy and its sources

Pollution is rampant everywhere worldwide, and it emanates from various sources such
as road transportation, waste drainage water, industrial waste products, usage of fossil
fuels (coal, natural gas, and Oil), and many others such as direct and indirect polluting
sources of energy. Pollution creates many serious side-effects on our planet which lead to
increased frequency and strength of natural disasters such as floods, tornados, cyclones,
and storms. Pollution also vastly affects the globe by increasing the COs emission and
thereby the temperature across the globe. This also increases the seawater level by
melting ice. It also significantly affects our well-being and health as well as the health
of flora and fauna. It also helps grow and spread infections causing a variety of diseases
by creating conditions favorable for the growth of micro-organisms. The sources and

impact of pollution are presented below in Figure 1.1

To get rid of the pollution, we need to stop using the sources of pollution such as fossil
fuels as our primary sources of energy and move to other clean and green energy sources
and these are sunlight, wind, rain, biomass, geothermal, and tidal energy, etc. All these
energy sources are known as renewable energy sources and are presented in the figure

below Figure 1.2

Since the character of renewable and green energy sources is distinctly different than
that of the high energy density fossil fuels such as coal, petrol, diesel, etc. we need
to develop new concepts and device architectures to harvest them efficiently. There are
various avenues for intelligent and effective use of different green energy sources, but they
invite fundamental changes in our thinking about the whole ecosystem development for

responsible energy utilization. Materials innovation compounded with the scalability of
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Global CO2 emissions continue to rise -
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implementation holds the key to the success of this frontier which involves renewable

energy harvesting, storage, and conservation.

In the changing world, our needs for transportation and communication have been grow-
ing very rapidly and these are highly energy-consuming. Major progress is expected in
these sectors on the energy utilization front by way of electric mobility and things be-
coming smatter and faster based on AI, ML, robotics, and the internet of things (IoT).
One soon expects to have smart cities, hospitals, factories, highways, etc. all around us

with everything everywhere connected to cloud storage.

1.2 Status of energy in the world and its utilization

In the developing countries of the world, the usage of energy continues to grow as shown
in Figure 1.3. Global energy demand has tripled in the last 50 years and could triple
again in 30 years. While much of this growth will come from the fast-growing economies
of China and India, many developed countries, especially in Europe, are hoping to
meet their energy needs by expanding their use of renewable sources. Currently, only
a small percentage of renewable energy, especially wind energy, is being used, and a
significant expansion of the use of all types of renewable energy is needed and expected.
For example, Germany plans to meet its 20% electricity and 10% overall energy needs
with renewable resources by 2020. Energy is an essential obstacle to the rapid economic
growth of China and India. In 2003, China surpassed Japan as the world’s second-largest
oil consumer. However, one-third of it is imported. Unlike most Western countries, coal
dominates China’s commercial energy resources, accounting for 2/3 of its energy costs.
In 2009, China surpassed the United States as the largest generator of COs. In India,
the primary energy resources are organic matter (wood and dung) and coal. Half of
India’s oil is imported; about 70% of India’s electricity is generated by highly polluting
coal. Nevertheless, significant progress is being made in the renewable energy sector in
most countries. India has a rapidly growing wind power base and has one of the most

comprehensive solar cooking programs globally.

1.3 Future demand of energy

Over the next decade, India is set to leap toward adopting renewable energy sources to
meet its growing energy needs. For example, the Government of India aims to rapidly
transform the clean energy landscape of India (Figure 1.4) with the installation of 175
gigawatts of solar and wind power by 2022. Although both solar and wind energy
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FIGURE 1.3: Past and projected world energy use (source: Based on U.S. Energy
Information Administration, 2011)

benefits have reached economically viable price points, the break-in energy production
from these sources is a significant obstacle to their adoption. Therefore, it will be
essential for India to adopt the planned renewable energy sources to manage techno-
economically electric power storage. A related but distinctly ambitious national agenda
is the mass market electrification of transport. It is noted that by 2030, 60 million
vehicles in India should be electrically powdered (Global Energy Outlook 2017 by IEA).
This is a difficult task as only 4,800 electric vehicles are on the road in India till 2016.
While the adoption of renewable energy sources for grids, the widespread adoption of
electric vehicles is also limited by the economic efficiency of electrical energy storage.
Nothing comes from anything. This fact about seemingly abstract concepts like ”energy”
can easily be forgotten. More solar panels, wind turbines, electric vehicles, and larger
batteries mean more clean energy. Even so, the above implies a greater requirement
for the materials which enable those technologies (Figure 1.4). Innovative materials
with enhanced efficiency can improve energy productivity and productivity. Innovative
materials will enable energy savings in energy-intensive processes and applications, as
well as open up new design possibilities for renewable energy generation. Advances
in physics and engineering are needed to allow these new capabilities. Many R&D
portfolios follow promising materials technologies that offer the potential for significant

energy savings.

1.4 New materials for energy storage applications

Since the discovery of the voltaic pile in 1799 development of new novel electrode ma-

terials for batteries has continued over the last couple of centuries and the pace of the
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FIGURE 1.4: Requirement of new electrode materials for energy storage from different
renewable sources (wind, solar, etc.)

same has been accelerating. Several battery chemistries have been discovered over this
period such as Lead-acid (1859)[5-8], Nickel-cadmium (1899)[9-11], Nickel iron (1901)
and Nickel Zinc (1932) [12-14], Rechargeable alkaline (1950), Nickel hydrogen (1977),
Vanadium flow battery (1986), Nickel-metal hydride (1990) [13], Lithium cobalt oxide
LCO (1991) [15, 16], Sodium sulfur (1993) [17], Lithium iron phosphate LEP (1996) [18],
Nickel cobalt aluminum oxide NCA (1999)[18], Lithium Manganese oxide LMO (1999)
[19], Lithium titanate LTO (2008) [18], Nickel manganese cobalt oxide NMC (2008) [18],
Lithium-sulfur (2008) above all these batteries oxide (cathode) and carbide (graphene)
based batteries are dominating the world commercial market based on its energy density,

stability, and good cyclic stability [20].

Due to the high population growth in the last few decades, world energy use has been
steadily increasing. Greater energy storage and conversion devices are urgently nec-
essary to reach human life’s basic needs. Traditional energy-saving materials and de-
vices are based on either lithium-ion batteries or perforated carbon (electric double
layer). Conducting polymers, supercapacitors and pseudocapacitors have also entered
the energy-saving systems to improve the battery system. The Li-ion battery (LIB) was

introduced by Sony Corporation in 1991 and has since transformed portable electronic
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devices. While the new-generation Li-ion battery can drive electric vehicles within a lim-
ited driving range while charging, it is still a long way from reaching the 500-kilometer
target. Li-ion batteries have various defects associated with the reaction of lithium metal
electrodes that lead to the formation of dendrites which can affect the life of the battery
cycle. The specific energy concentration of the current sophisticated LIB is below that

of the United States.

Department of energy vehicle technology program’s long-term target for secondary bat-
teries [21]. Similarly, the volatile organic electrolytes of LIB have raised safety concerns.
These drawbacks in LIB have led to the development of new stable liquid electrolyte,
solid polymer electrolyte (SPE), and solid-state electrolyte (SSE) systems that inhibit
dendrite growth and improve its practical, specific energy capacity, energy density, and
power efficiency. Most of the research thus far on materials aspects has been intensely
focused on different structural materials to improve their storage capability and perfor-
mance, such as layered, spinel and olivine, and perovskite systems. All these structures
and their atomic environments help host the guest atom (like Li, Na, etc.) and improve

the storage capacity.

In this thesis, the study has focused on a new structural material system called ” An-
tiperovskite.” This is a twin brother of the ubiquitous perovskite-type material, where
the cation and anion positions are inverted, as discussed later. In this thesis, we have ex-
plored this antiperovskite material (in their carbide and nitride forms) for its application
as an anode material for energy/charge storage in Li-ion batteries (LIB). Interestingly
these antiperovskite materials systems we have explored are intermetallics and have in-
trinsically good electrical conductivity bringing the corresponding advantages to their
efficacy for battery anode application. Separately, we have also studied the effect of
electrochemical lithiation on the magnetic properties of antiperovskite materials such as
magnetization and spin polarization, the latter being essential for spintronics wherein
the electron spin plays a crucial role. Indeed, spintronics is based on offsetting spin-up
and spin-down concentrations of itinerant electrons at the Fermi level. Thus, we have
examined the possibility of lithiation-induced manipulation of the up and down spin con-
centrations bringing in a conceptually novel scheme of iono-spintronics or a spintronic
battery which could significantly impact the next generation data storage system de-
signs. The structural details and critical implications of the antiperovskite class against

the well-studied perovskite class have been discussed in the following sections.
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1.5 Perovskites and Antiperovskite materials

For the last 20 to 30 years, perovskite materials have played a humungous role in every
field of science and technology and dominated the world in material space. Due to their
multidimensional properties, they have always attracted significant attention in research
and applications. High-temperature superconductivity, ferroelectricity, piezoelectricity,
and multiferroicity are all these examples of different properties that have been observed
especially in oxide-based perovskites (ABO3). Due to the flexibility of coordinating with
neighboring species or elements, these materials possess different dynamics during many
reaction processes from classical to quantum mechanical effects and effects of external

stimuli like temperature, electric or magnetic field, etc.

Perovskite belongs to various crystal types such as cubic, orthorhombic, and hexagonal,

and they also exist in different dimensions such as 2D, 3D, etc [22-24].

Antiperovskite materials have not been as much explored as the perovskite materials, but
they also possess exciting properties like perovskites and these are: Superconductivity,
Thermoelectric properties, Energy storage capabilities (used as solid states electrolyte,
cathode, etc.), very good electrocatalytic activity, etc. which will be discussed in the
later section. Antiperovskites also have different crystal structures like perovskite such as
cubic, orthorhombic, hexagonal, etc., and they also support crystal structures of different
dimensions such as 1D, 2D, and 3D [25-28]. All the explored fundamental properties of
antiperovskite materials, and how the cation and anion exchange change the chemical
environment and related chemical properties as compared to the well-known perovskite

materials are discussed in the flowing sections.

1.6 The fundamental difference between perovskites and

antiperovskite

It is very important and exciting to first discuss and explore the fundamental differences
between the perovskite (ABX3, where A= cations, B= cations X= anions) and antiper-
ovskite (X3AB, where X= cations, A= cations, B= anions) materials. The exchange of
positions of cations and anions is the leading cause that differentiates the fundamental
properties such as electric, magnetic, optical, and mechanical between the perovskites
and antiperovskites. The basic structural difference between perovskite and antiper-
ovskite is presented in Figure 1.5. Most of the natural and fundamental elements in
the periodic table contribute to the formation of skeletons for both the perovskite and

antiperovskite structures (Figure 1.5).
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FIGURE 1.5: Structural information of both perovskites and antiperovskite

The proper chemical charge balance of the cations (A, B) and anions (X) is completely
satisfied in perovskites whereas for the antiperovskite materials an unusual charge bal-
ance is observed between the cations (X) and anions (A, B) [29-31]. It was observed
that the A-site elements in antiperovskite such as Al, Zn, Sn, In, etc., technically carry

a -ve charge which is very much unusual case [32].

To better understand the effect of cation and anion positions in both the perovskite and
antiperovskite and their real exciting impact on different physical and chemical proper-
ties, we discuss here a few examples of compounds consisting of the same elements with
different stoichiometry but which can exist in both the perovskite and antiperovskite
structures such as ASnO3 and A3SnO where A is Ca, Sr, and Ba respectively. Figure

1.6 represents some Antiperovskite and Perovskite materials.

Crystal structure, symmetry, and space group of A3SnO and ASnOg [31, 33, 34] could
be the same or different depending on the synthesis conditions and processes of these
compounds respectively. It has been observed that A3SnO has only one stable phase
with cubic symmetry and the corresponding space group number is Pm-3m (221) but on
the other hand, the ASnO3 material could exhibit a series of phases depending on the
synthesis mechanism and growth condition like pressure, temperature and etc. It has
been observed that for SrSnOg multiple phases exits with different temperatures such

as the structural or phase transformation occurs from the room temperature structure
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FIGURE 1.6: (a) Antiperovskite, (b) Perovskite, (¢) Antiperovskite, (d) Perovskite

Pnma to Imma at 905K, to I4/mcm at 1062K, and finally to the Pm-3m aristotype at
1295K [35, 36]. With changes in the structure, the atomic environment also changes like
tilting of SnOg¢ octahedra in SrSnOs3 all these phases of SrSnOgs being shown in Figure
1.7 (a-d). But for Sr3SnO antiperovskite, only one stable cubic Pm3m phase exists and
SreO octahedral coordination observed (Figure 1.7 (e)).

SrSn0, (Pnma, at 300K)  SrSnO, (Imma, at 905K)  SrSn0, (I/mem, at 1062K) SrS5n0; (Pm-3m, at 1295K)

Sr:5n0 (Pm-3m, at 300K)

FIGURE 1.7: (a-d) Different perovskite phases of SrSnO3 with SnOg coordination, (e)
Single antiperovskite phase of Sr3SnO with SrgO coordination.

Following specific Synthesis protocols for perovskites and antiperovskites
is very important to realize these materials in a stable form. The synthesis protocol

of all normal perovskites of ABXg3 type is easily accessible and there is no need for
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use of vacuum and high-temperature conditions. For antiperovskite materials X3AB,
the synthesis protocol is quite hard and challenging because the switching between the
cation and anion (like ASnOz to A3SnO) leads to the requirement of high pressure
and temperature conditions. Indeed, the synthesis process of antiperovskite material
involves heating under a sealed evacuated quartz tube at a high temperature and many
precautions have to be taken [37]. Sometimes it is very hard to achieve the exact phase

of the antiperovskite crystal as compared to perovskite crystal, but it is achievable.

Electronic, magnetic, optical, and mechanical properties of both perovskites
and antiperovskites are very interesting depending on the positions of cations and anion
and their behavior could differ dramatically from each other. It has been reported that
the electronic properties of ASnOg perovskite and A3SnO is majorly different. ASnOj
behaves as a high indirect bandgap material. For example, SrSnOs has an indirect
bandgap of 3.70 eV [38-40], while antiperovskite A3SnO is reported (theoretically) to
be either metallic or semiconductor with a very small direct bandgap. For instance,
SrgSnO has a direct bandgap of value 0.1 eV [31, 41]. Since the difference in their
electronic bandgap is basically due to the orbital overlap strength between the O-2p and
Sn-5p orbitals for both the perovskite and antiperovskite systems, it suggests that the
antiperovskite A3SnO could behave as a very good electrical and thermal conductor as

compared to the ASnO3 perovskite.

In A3SnO the metallic concentration (Vs oxygen) is high as compared to ASnO3 and this
leads to the less ionic bond character in antiperovskite vis a vis the perovskite material
and this property helps reveal that the antiperovskite materials are brittle whereas
ASnQOg is ductile. In SrSnOs the presence of SnOg octahedral coordination and low
metallic concentration (1:1) lead to high bandgap and ductility as compared to SrgSnO
where the metallic concentration is high (3:1) and SrgO octahedral coordination helps
to reduce the bandgap and improve all electronic properties. Both ASnOgs perovskite
and A3SnO antiperovskite carries multiple properties due to their exchanged positions of
cations and anions and they could access different application areas in the different fields
of science and technology. Similarly, antiperovskite carbides and nitrides have attracted
great attention in research academia, and industry. In this thesis, we will specifically
discuss the properties and applications of some interesting antiperovskite carbide and

nitride systems.

As discussed above, the crystal structure of both the perovskite (ABX3) and the antiper-
ovskite (X3BA) defines their crystal symmetry (such as octahedral symmetry of BXg in
perovskite and X¢B in antiperovskite) in the bulk and on the truncated surface, thereby
playing a fundamental role in many of their properties such as magnetism, catalysis, etc.

It is a well-known fact that e, filling of 3d orbitals and position of the d-band center
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are the important descriptors/fingerprints to describe the binding strength between the
molecules (like HoO, CO2, NHj etc) with the corresponding crystal facet (such as 100,
110, and 111 surfaces). By engineering the crystal surface in different ways such as
creating defects or doping or substituting different elements it is possible to enhance the

many desired properties of the system.

Figure 1.8 describes the difference between the 3d orbital splitting of transition metal
(TM) for octahedral symmetry of both the bulk and the surface of the perovskite and

antiperovskite materials

X= (O, N, O)

BX,

X=( TM)

X,B

FIGURE 1.8: 3d orbital splitting of bulk perovskite (ABX3) and antiperovskite (X3BA).

In the perovskite the BXg octahedral co-ordination (Figure 1.8 a) the cation B TM atom
co-ordinated with the six anion O atom (Figure 1.8 b), so the five 3d orbital of TM atom
and O atom orbital will make strong overlap. Due to electrostatic coulomb repulsion
and pouli repulsion, the orbital gets split with two different orbitals e, and to, and the
energy gap between them is Ap (crystal field energy “P” used for Perovskite system)
(Figure 1.8 ¢).

Depending on the strength of the crystal field energy of different local crystal coor-
dinations such as octahedra and tetrahedra, the important aspects of the “high spin”
and “low spin” states of any material can be understood. In the case of antiperovskite
with XgB octahedral co-ordination (Figure 1.8 d) the anion B (C, O, and N atom)
makes sixfold coordination with the six nearest neighbor transition metal ions (Figure
1.8 e). Therefore in an antiperovskite, a single anion B interacts with six TM atoms
so the Coulomb repulsion due to the electron cloud of the orbitals is less as compared

to the perovskite, where one single TM ion is coordinated with six anions. So, in an
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antiperovskite, the five 3d orbitals will split ( e, and tgy) but the crystal field energy
gap Aap (“AP” denotes Antiperovskite) will be small as compared to Ap. Since Ayp
< Ap most of the antiperovskite materials will carry the “high-spin” (more number of
unpaired electrons) properties. This also suggests that the ionic character of the TM-X
(X=0, N, C) bond for perovskite materials is large and as a result, most of the oxide
perovskite materials exhibit a larger energy bandgap whereas for the antiperovskite the
ionic character of B-X (B=0O, N, C, and X= Fe, Ni, Co, etc.) bond is less and most
such antiperovskite materials are either conductors or exhibit only a very small energy

bandgap.

It is very interesting to understand the crystal surface of both the perovskite and antiper-
ovskite. For every crystal structure, the crystal symmetry is lost at the surface. This
loss of symmetry helps in many fundamental applications, especially in electrocatalysis-
type applications. More number of active sites on the surface of any crystal enhance
the performance of the catalyst. The presence of a large number density of TM atoms
on the surface could also enhance the catalytic performance. For antiperovskite, the
surface accommodates a high density of TM atoms (Figure 1.9 (e)) as compared to the

perovskite materials as shown in Figurel.9 (b).
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FIGURE 1.9: 3d orbital splitting of perovskite (ABX3) and antiperovskite (X3BA) at
the surface.

Due to the loss of symmetry at the surface, the 3d orbital splitting (Figure 1.9 ¢ and
f) will become different as compared to the bulk crystal system. Thereby it opens itself
up for designing or engineering a surface and enhancing many interesting properties

and performance features of the corresponding materials. Other important property
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differences between the antiperovskites and the halide or chalcogenide perovskites have
been discussed by Yuan et al.

an electronic inversion of the element between the perovskites and the antiperovkites

building property differences between them [1].

ABX; perovskite
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A(+) @ ‘ “
B+ O p ¢
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eIectron@wersion

X;BA antiperovskite

and presented in Figures 1.10 and 1.12.

Halide (MA*Pb?’l;)
Pb—I
EN: (2.33) (2.66)

M Suitable bandgaps

M Strong optical absorption
M Dispersive band edge
Instability, toxicity

Chalcogenide (Ba**Zr*"S%)
Zr—S
(1.33) (2.58)

M Stability, lead-free

M Reasonably optical absorption

Relatively large bandgap
Relatively flat band edge
Poor film quality

Nitride (Ca5'N*Sb™)
Ca—N—Sb
(1.00) (3.04) (2.05)

M Earth-abundant, lead-free
M Suitable bandgaps

M Dispersive band edge
Poor film quality

FIGURE 1.10: Structure and properties of halide and chalcogenide perovskites com-
pared to those of the nitride antiperovskite [1].

It suggests
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FiGURE 1.11: Comparison of the physical properties between the 3D antiperovskite

and 3D halide perovskite [1].
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1.7 All other properties of Antiperovskite materials

In the current world scenario of development, there is always a demand for new exciting
functional materials with novel physical properties for diverse emergent fields of applica-
tion interest. Perovskite is one such class of materials that has dominated over the last
30 years or more in almost every area of science and technology. Antiperovskite is also
a promising functional material but has not been explored as much as the perovskites,

although it has an interestingly different set of functionalities.

Antiperovskite is like a twin brother of the perovskite structure with the general formula
ABXj3 for perovskite and X3BA for Antiperovskite. There are several Bravis crystal
types of perovskites and antiperovskites. In this thesis, we have focused only on the 3D
simple cubic antiperovskite system, which belongs to the space group of Pm3m no. 221.
In perovskite, the anions on the face center make BXg octahedral coordination. The
beauty of this coordination impacts most of the properties of the fascinating and crucial

material.

In contrast, in antiperovskite materials, cations make X6B octahedral coordination, mak-
ing antiperovskite differently more exciting as the bonding character is characteristically
different. Like perovskite, different chemical phases can occur in an antiperovskite, such
as a carbide, oxide, nitride, sulfide, or halide [42]. All these systems have other functional
properties, making them more attractive to the research community. All these individual
antiperovskites with different chemical phases have many applications in various fields,
such as superconductivity [32, 43-56], thermoelectric [34, 57-68], electrocatalytic [69],
optical [70-72], magnetoresistance [42, 73-77], solid-state electrolyte [3, 78-81], solar
cell [1, 59, 82-84], topological insulator [85-88], ferroelectric [89, 90] and energy storage
system like alkali ion battery, etc.[3]

Since the discovery of the antiperovskite in 1930, various researchers have shown their
potential for applicability in the different fields, as derived from their rather unique
material properties. Normal perovskite has ionic bonds [91]. Still, for antiperovskite,
various metallic, ionic, and covalent bonds are observed, which make antiperovskite a

functionally intriguing material.

Perovskites were invented in 1839 by the Russian mineralogist L. A. Perovskite [92].
Perovskites play important role in solid-state chemistry and physics (Pena and F.) due
to the numerous essential features that support the functioning of the current advanced
world, such as superconductivity, multiferroelectricity, ferroelectricity, magnetism, and
It can also be used as a catalyst and a battery material. The discovery of an organic-
inorganic hybrid perovskite that can be used as a photovoltaic material has sparked a

surge in perovskite research. The formula ABX3 can also describe an antiperovskite but
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is electronically reversed (where X is denoted as cations and A, and B denoted as anions,
which could be written as X3BA) [27, 73, 93-96]

The antiperovskite in principle shares the advantages of perovskite-type structure with
traditional perovskites accommodating diverse elements to form a large family of func-
tional materials from a structural chemistry standpoint. Though antiperovskite has a
number of intriguing properties, including superconductivity, negative thermal expan-
sion, ionic and electronic conductivity, magnetism and etc. As a photoluminescence
host material antiperovskite also play a significant role. Several of these recent exciting
discoveries are likely to spur a new round of functional antiperovskite development. We
can also consider whether and how we might be able to structurally develop an an-
tiperovskite that is equivalent to perovskites in order to enhance the performance or to

achieve some surprising results.

As we have discussed earlier the antiperovskite of formula X3BA, where the X behave
as a cation, and the remaining A and B behave as an anion of different sizes. The
perfect antiperovskite architecture is tightly packed and belongs to the Pm3m space
group. The B ions are centered in the six-fold integrated octahedra, while the A ions are
12-fold embedded with the X cations. The octahedra structure’s 3D skeleton is formed
by corner-sharing BXg and the cations in the octahedra of perovskite replace with anion
in antiperovskites. The presence of the rich amount of TM metal in the X-site caches
antiperovskites with obsolete physical and chemical properties related to d-spin states
or band structures with attractive ionic transport properties. Figure 1.5 shows the basic
elements of the antiperovskites known so far, typically, monovalent or divalent cations
are situated at the X site and small anions are positioned at the B site. Some of the
converted metals A and X can behave as both components depending on the relative

ionic radius and electrical negativity, which is uncommon in traditional perovskites.

At first sight, the antiperovskite appears to contain roughly half of the elements in the
periodic table, however, the published antiperovskites frequently contain no more than
ten components. In comparison to the vast potential represented by the basic periodic
table (Figure 1.5), the number of antiperovskite compounds is insignificant. As a result,
antiperovskite research is still uncommon, with fewer than fifty research papers published
each year due to the small number of antiperovskite studies. The concept of ”anti” is not
widely accepted, at times, newly discovered antiperovskite are considered intermetallic
compounds or dual-metal nitrides/carbides, often overlooking the consequences of their
exceptional structure and properties. Nonetheless, the significance of antiperovskite

exceeds expectations.
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For perovskites, the tolerance factor (t) has been introduced to determine their geo-
metrical crystallographic stability and possible structural symmetry, and the factor t is
defined by the equation: R4 + Rx = \/§(RB + Rx)

here R4, Rp, and Rx denoted as the ionic radius of the equivalent ions. Most of the
cases it has been observed that the when the range of t value is within the range of 0.85
to 1.0 then the observed possible crystal structure is cubic symmetry and if the value of
t lies less than 0.85 then lower crystallographic symmetry is expected which is observed

in tetragonal or orthorhombic structural symmetry.

Similarly, for the antiperovskite of X3BA, the formula of the tolerance factor t is equally
valid and very much useable to define the crystal symmetry. In the formation or the
construction of antiperovskite materials most of the cases p orbital based elements such
as Al, Ga, and Ge preferred to form the covalent bond in the antiperovskite materials
whereas the d and f block elements preferred metallic bond. With the help of interatomic
bonds, tolerance factor t and R4/R4 Benzonsikov et al. tried to predict the metallic
bond of nitride antiperovskite structure but the practicality and success of the method
were not verified [96]. It has been observed that sometimes the t factor does not follow
the metallic X3BA antiperovskite compounds though most of the ideal antiperovskite
adopt cubic or pseudo-cubic symmetry [42]. As compared to perovskite, antiperovskite

adopts fewer distortion [42].

The distortions in perovskites can always be broken down into a few basic components:
(a) octahedra tilting, (b) octahedra distortion, and (c) cation displacement [42]. Tilting
of the octahedra often dominates the overall crystal structure, and due to the rotation
of the rigid octahedra [97, 98], a total of 23 possible space groups exist. Distortions
observed in CrgAsN [99] with a typical rotation of CrgN and MngNA (A = As, Sh, Ga,
Cu), which exhibits phase transitions to lower symmetry due to processes of the Mn6N

octahedra, according to Glazer’s distortion classification. [100]

The distinct coordinate surrounding of cation X (i.e., the X—X length and linear two-
fold coordination vs the 6-fold coordination in perovskites) is one of the most significant
basic structural features of antiperovskite X3BA, which plays an important role in mag-
netic interaction or crystal field strength. Antiperovskites are also X-rich, which is a
notable structural feature. Physical properties like magnetism and ionic conductivity
are strongly linked to the antiperovskite’s X-enriched portion. The high-temperature su-
perionic conductivity of NaMgFs and MgF3 perovskite influenced the breakthrough of
superionic conductivity in Li-rich antiperovskite (LiRAPs [101]). As a result, the ”elec-
tronically inverted” antiperovskite retains the Li3OA (A = Cl, Br, I) perovskite-type
structure, allowing Li + superionic conduction to be comparable to F-superionic con-

duction in NaMgF3 [101]. Lithium-rich (60 percent Li) and lightweight antiperovskite
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crystalline solids have been developed. The structural arrangement that is X-rich also

gives rise to 3D migration channels of the X ions, which favors high ionic conductivity.

The magnetic exchange within the transition-metal-rich topology of magnetic antiper-
ovskites differs from that incorporated in nonmagnetic skeletons, and a metallic ground
state is expected. There are tremendous emerging functionalities of antiperovskite, along
with superionic conductivity, superconductivity, magnetism, negative thermal expan-
sion, etc., also, antiperovskite has an excellent capability to perform like a phosphor
host and electrocatalyst. The flexibility of manipulating the chemical compositions,
especially the cations (basically the transition metal ions) towards improving its perfor-
mance attracts humungous attention in different research areas, which we discuss in the

following sections.

1.7.1 Superconductivity in Antiperovskite

Several Antiperovskite materials of different chemical compositions have shown excellent
superconducting properties at low temperatures. To date, the highest Tc Antiperovskite
superconducting material is Pt3SrP at Tc=8.4K [102, 103]. Again Ni content ternary
carbide antiperovskite shows a superconducting nature in which NisMgC was the first
superconducting material discovered in 2001 of critical temperature Tc=8K [104]. The
interplay of magnetic interaction due to partial filling Ni d-states and the transient
nature of electrons also the local crystal structure and electron-phonon interactions are
responsible for the superconductivity in this kind of material. Effects are still there to
achieve the high Tc superconducting antiperovskite materials [32, 43-56]. SrgSnO is the
first superconducting Antiperovskite oxide of Tc = 5K [32].

1.7.2 Negative Thermal Expansion (NTE) in Antiperovskite

NTE is the thermal expansion behavior that arises in magnetic antiperovskite materi-
als due to the complex interplay of the lattice, electrons, and phonons [105, 106]. Most
transition metal antiperovskite NTE properties originate from magnetic interaction dur-
ing cooling with a significant magneto-volume effect, followed by a first-order transition
(MVE). Out of all antiperovskites, manganese-based materials such as MnzBA (B=Ni,
Cu, Zn, Sn, Ge; A=C, N) belong to the NTE family[107, 107-116] due to their excel-
lent electrical and thermal conductivity as compared to ceramic NTE materials such
as ZrWyOg [117] Non-magnetic materials can also behave as NTE materials such as
NazOBr and NayOI, [118]
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1.7.3 Magnetism and Magnetoresistance in Antiperovskite

Antiperovskite of formula X3BA where X constitutes metallic ions (X=Fe, Ni, Co, Mn,
etc.), has XgB octahedral coordination makes antiperovskite excellent functional materi-
als. This octahedral arrangement of metallic cations makes X-X metallic bonds and X-B
covalent bonds. The 3d electrons of metal cations participate in their conduction behav-
ior and the magnetic exchange interaction. On the other hand, X-B covalent bonds form
orbital hybridization between the p and d orbitals, which broadens the conduction bands
near the Fermi level, driving high conductivity, and making the material magnetized and
polarized. Switching cations and anions from the perovskites to the antiperovskite al-
ters the electronic and magnetic properties. Several antiperovskite materials exhibit
intriguingly different magnetic properties like giant magnetoresistance (GMR), giant
magnetocaloric effect (MCE), and giant magnetostriction (MS). Almost all the transi-
tion metal-based antiperovskite are metallic, conducting, and magnetic. The presence of
two different types of bonds (metallic and covalent) makes antiperovskite mechanically

solid and stable.

1.7.4 Spin-polarization and magnetization of magnetic antiperovskite

materials

Spin polarization and magnetization are the fundamental properties of all magnetic ma-
terials. The electron carries both charge and spin in which electron charge is responsible
for energy storage, all electronic device applications, and all kinds of reactions. Along
with electron charge, it carries two different spin moments, up spin and down spin and
these two-electron spin moments play the lead role in spin polarization and magnetiza-
tion. The magnetization and the spin polarization of any magnetic materials are realized
from the density of states (DOS) plot but there is a fundamental difference between the
magnetization and the spin polarization of any magnetic system. The magnetization is
the difference between the total number of spin-up (NT) and down-spin (N*V) states of
the electrons from the whole DOS plot whereas the spin polarization is the difference
between the spin-up (NgF) and spin-down (NEF) states of the electrons particularly at
the Fermi level (EF) of the DOS. So, depending on the number of up spins (NEF) and
down spins (N}EF) at the Fermi level the percentage or the degree of the spin polarization

changes. The formula to define the spin polarization and magnetization are [119, 120]

NE,—Ng
Spin Polarizatin P = —F——F
Ng,+Ng,

Degree of Spin Polarization: (DSP) = P x 100%
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Magnetization: M = [(NT — N¥)dV ; Over all space

Depending on the values of the spin polarization (P) we can predict the magnetic order

of any materials and these are

if P =0 ; Paramagnetc
if P <1 ; Ferromagnetic or Ferrimagnetic

if P > 1 ; Half Metallic

Figure 1.12 represent the different order of magnetization with corresponding P values.
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FIGURE 1.12: Spin Polarization of different magnetic Order (internet)

One of the most important concepts is the correlation between spin polarization and
magnetization though it has been a mystery [120]. It is assumed that spin-polarized
tunnelling currents are proportional to the electron density of the state at the Fermi
level. The magnetic moment increases with the number of spin-up electrons, corre-
sponding to a larger spin-up There is a massive role of electron spin polarization in the
applications of solid-state spintronics devices as spintronics has become an important
part of science from both its fundamental as well as application point of view since it has
a strong potential for emerging technologies. The research in spintronics has brought
several novels and promising concepts of advanced electronic devices steered by electric
current and/or field with low energy consumption, non-volatile magnetic memories with
the ultrafast response, and innovative ways of generating spin currents and spin manip-
ulation. There are various sources of electron spin polarization such as spin Hall effect,
spin Nernst effect, current-induced spin polarization, and thermal current-induced spin
polarization also there is much more important source of the spin polarization which are
shown below Figure 1.13. All these sources build various achievements in the applica-

tion of spin polarization like Giant Magnetoresistance (GMR), spin valve, data storage,
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spin-orbit driven phenomenon, etc. Out of all these sources of electron spin polarization,
there could be another source that is the insertion of Li-ion inside the electrode material
that could lead to the change of the up and down spin at the Fermi level which may
introduce the spin polarization in the system of interest. Here, I have focused on one
such study based on controlling the spin polarization by lithiation into the antiperovskite

electrode material, which will be discussed in the first chapter of my thesis.
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FIGURE 1.13: Sources of electron spin polarization
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1.7.5 Antiperovskite as Advanced Battery Materials

As we have discussed earlier, antiperovskites can support many interesting properties
that have the potential for an array of applications [3, 121]. In 1938 Zint]l and Morawietz
[2, 122] first reported on a Na-rich antiperovskite NagNOs in which X sites are occupied
by Na and the A and B sites are occupied by NOs_ and oxide anions (Figure 1.14,
[2]). After that, the first antiperovskite alkali metal chalcogenide halides NazOBr and
NazOCI was reported by Sabrosky et al [101], which built the foundation for the antiper-
ovskite in solid states electrolyte research. In 2012 the first report appeared on Li-rich
antiperovskite by Zhao and Daemen [101], and they showed that LizOCI, Li3OBr, and
Li3OCly.5Brg.5 [2] have excellent ionic conductivity of 1073 Sem ™! at room temperature
with low activation energies (0.2 - 0.3 eV), respectively. Hartwig et al. reported that
Li and Na rich antiperovskites could be used as solid states electrolytes due to their

excellent superionic conductivities of the order of 1072 Sem ™! for Li3OBr and NasOBr
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[2]. The applications of Li- and Na-rich antiperovskite have also been proposed as bat-
tery cathode materials. Indeed, transition metal-based antiperovskite such as LisFeChO
could be used as cathode materials (Ch= Chalcogenides = S, Se, Te)[2].

(OLiNa @O/S |
LV Superhalogen |

X3BA
(X LiorNa;B=0orS;
=e.g., BHs, BF, or AlH4)

Superhal:des

(OLiMNa

@0/S | o®
\@CI/Br/l) *
(o)

@Li+Fe/Co/Mn)
LizMOA (M = Fe, Co or |
0

\OS/Se

FIGURE 1.14: Antiperovskite materials for cathode and Solid State Electrolyte [2]

The theoretical capacity of Li;FeSO is 227 mAh/g, comparable to some commercial
cathode materials. The chemical flexibility in antiperovskite offers many possibilities for
improving the battery performance by doping or substituting different transition metals
such as Ni, Mn, Co, etc., in place of Fe in LioFeChO. But stability issues exist for this
kind of structure due to Li insertion/extraction. There is no report published on the
antiperovskite anode material, which still opens up new challenges and opportunities in
the future. Hence, in my thesis, one chapter will be focused on antiperovskite nitride-
based anode materials. Most of the advanced antiperovskite materials used as SSE and

cathode materials are shown in Figure 1.15 [3]
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Cubic - R
Li,FeSO, Li,FeSeO Cubic
Li;OCl, Li;OBr
Na,;OClI, Na;OBr

Hexagonal
Li,FeTeO

Orthorhombic Cubic
Li,OHCI Li,OHCI, Li,OHBr

Cubic Cubic
Na;ONO, Na;OBH,

Ficure 1.15: All antiperovskite materials for used as cathode and Solid State Elec-
trolyte for Li and Na ion batteries [3]
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1.7.6 Carbide and Nitride Antiperovskite

The work in this thesis is focused on carbide and nitride-based 3D antiperovskite (Figure
1.16). The unique cubic structure (Pm3m. 221) of antiperovskite makes these two
antiperovskites very promising and attractive. There are various carbide and nitride-
based antiperovskites observed such as X3AC where X is the transition metal (TM)
(where X = Ti, Mn, Fe, Co, Ni, etc.) and A is the post-transition metal (where A =
Ga, Al, Sn, Zn, Cu, In, Ge, etc.) [113, 123-125] (Grandjean et. al 1979, Stadelmaier
and Huette) similarly X3AN represents all nitride antiperovskite materials, here X could
be alkaline earth metals (likes Mg, Ca, Sr, etc ) and or transition metals (like V, Fe,
Co, Ni, Cu, etc.) and A is the heavy metals (like As, Sb, Bi, Pd, etc.) [3, 42, 69, 123]
(Yuan et. al 2021, Zhao et. al 2019). But here in our study, we have focused on an iron-
rich 3D carbide antiperovskite FesSnC and a cobalt-rich nitride antiperovskite CogCul.
Fe3SnC is intermetallic as it has more than two metallic elements and also behaves as
a very good conducting material. It contains a 60% iron atom and this Fe atom makes
FegC octahedral coordination induces strong hybridization between the Fe-3d and C-
2p orbitals and produces magnetization in the system. Co-rich nitride antiperovskite
Co3CuN is a magnetic, highly conducting, and intermetallic material. Due to its high

conducting nature, this material is used as an electrocatalyst [126].

FIGURE 1.16: (a) Crystal structure of Carbide and Nitride (a) FesSnC, (b) CogCuN
with FegC and CogN octahedral co-ordination coordination was studied in this thesis.
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1.8 Aim and scope of the thesis

In this thesis, we have chosen to work on the exciting Antiperovskite material systems
endowed with some unique and intriguing set of properties as advanced functional ma-

terials for spintronics and energy applications.

In the second working chapter, we report our work on the control of the magnetism and
electronic spin polarization of a magnetic intermetallic antiperovskite carbide system,
namely FesSnC, with electrochemical lithiation and de-lithiation. This material is shown
to behave like a high-capacity anode material for a Li-ion battery over the explored elec-
trochemical voltage window and is able to reversibly incorporate four Li-ions. However,
the XRD studies reveal that lithiation leads to a two-phase system (Li-Sn alloy and
FesC) and it evolves structurally with further lithiation. Interestingly, the experimental
study further brings out that the magnetization of this material also reversibly follows
lithiation and de-lithiation. Our theoretical (DFT) analysis has shown that FezSnC is
endowed with spin polarization (differing density of spin up and spin down states at
the Fermi energy) and the same is true also with FesC. The changes in magnetism and
structure (XRD) observed experimentally, and the changes in spin polarization noted
theoretically to mimic the same are suggested to emanate from lithiation of the FesC
phase in the two-phase system; since the Fe3SnC system appears to decompose by ex-
traction of Sn which has a strong affinity to form an alloy with lithium rendering FesC
phase to mimic the magnetism and spin polarization. It is a rather complex but inter-
esting system with intriguing effects and can germinate a new concept of a spintronic

battery.

Motivated by our initial work on the Fe3SnC carbide system, we decided to probe another
interesting antiperovskite material, this time a nitride CogNCu, to design a high-capacity
antiperovskite anode material for alkali ion batteries. Until now, to the best of our
knowledge, there is no report on an antiperovskite-based anode material, except for our
earlier publication on Fe3SnC for Li-ion batteries exhibiting a capacity of 450 mAh/g
(K. Roy et al. 2020) [4]. With the presence of high metallic concentration (60%) and
finite density of states at the Fermi level, Co3NCu possesses high electrical conductivity
(metallicity), which is important for a high-capacity battery anode material. Also, the
concurrent presence of metallic (Co-Co) and covalent (Co-N) bonds endows this nitride
antiperovskite with good structural stability which is potentially important for higher
cycling capacity under reversible lithiation and delithiation. After careful consideration
of different materials design aspects, we synthesized and optimized a core@shell CogNCu
system, and characterized it in all its details. Interestingly, we were able to achieve a

remarkably high capacity (1100 mAh/g) with antiperovskite anode material serving as
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an anode in a Li-ion battery. The details pertaining to this study are reported in chapter
3.

Encouraged further by the results of our studies on carbide and a nitride antiperovskite
reported in the first two chapters, we set out to grow high-quality (preferably epitaxial)
thin films of the antiperovskite Co3CulN on a single crystal of LaAlOs, a perovskite
material. In a sense, this is therefore also a step towards developing and examining
an antiperovskite/perovskite interface. Since most device platforms and fundamental
scientific studies (like spin polarization via tunneling through a magnetic tip of a half-
metallic material, electric field effects, etc.) are thin film-based, success in developing
high-quality thin films of antiperovskites could open up many scientific opportunities,
which drove us to undertake this work. For example, the electronic cation/anion and
thereby property inversion across the interface between a perovskite and an antiper-
ovskite could potentially lead to some new electronic and magnetic interface-borne ef-
fects. The presence of a high concentration of cations (TM ions) at the surface of an
antiperovskite and the high concentration of anions (e.g. oxygen ions) at the surface of a
perovskite make the interface interestingly different than the significantly explored per-
ovskite/perovskite interfaces over the last two decades, which attracted our attention.
Single crystal LaAlOs is a cubic perovskite with a lattice constant of 3.787 A and the
cubic antiperovskite CosCuN has a fairly matching lattice parameter of 3.75A, which
makes them structurally compatible for epitaxial growth. Using the Pulsed Laser Depo-
sition or PLD technique we, therefore, deposited CogCuN (CCN) thin films on the oxide
substrate LaAlOs (LAO) along its 001 crystal facet. All the protocols of the deposition

and property characterizations have been discussed in chapter 4.
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Lithiation-induced Evolution of Biphasic Constitution in
Intermetallic Anti-perovskite Fe3SnC and its consequences
for magnetism: A Case for Rechargeable Spintronic

Battery

Abstract

A key notion defining the progress of the emergent fields of modern electronics, renewable
energy, and smart systems is “charge storage” which is primarily embodied in various
battery chemistries and systems. In addition to the “charge” property, the electron also
has the “spin” property which is exploited in the field of “spintronics” to access novel
magnetically controlled device actions that are not accessible to conventional electron-
ics. An interesting question is whether the two can be fruitfully integrated into a single
device concept to expand the horizon of device design and applications. Herein, we
present a combined experimental and theoretical study of virgin and lithiated conduct-
ing intermetallic anti-perovskite with nominal stoichiometry represented as Li,FesSnC
(x =1, 2, 3, 4) to establish the principle of reversible and concurrent charge and spin
polarization storage that can be aptly christened as Iono-Spintronics representing a no-
tion of Spintronic Battery. The experimental results however showed that lithiation
turns the system into a biphasic state comprised of tin-lithium alloy (due to high affin-
ity of Sn for Li) along with lithiated Fe3C; the process exhibiting multiple cyclability
(rechargeability).
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2.1 Introduction

An electron is endowed with two important properties namely charge and spin. Manipu-
lating the flow of electronic charge in various ways in materials media is the mandate of
modern electronics and the world has witnessed its tremendous impact on our lives over
the past several decades. During the past few decades, there has also been significant
progress in manipulating the spin property of electrons to generate novel magnetically
manipulated device architectures and responses that are conceptually entirely different
from those of conventional electronics. This branch of physics, termed Spintronics, also
promises interesting new solutions for our futuristic technological needs in fields such as
10T [127].

One of the key device constructs of modern electronics that has fueled very rapid progress
of the emergent fields of renewable energy and smart mobile device systems is the concept
of “charge storage” embodied in various battery systems that have been developed over
many decades. During the past two decades, a question that has surfaced and been
discussed in the literature in a limited way is whether a “spin battery” is feasible along
the same lines as a “charge battery”. A “spin battery” [128-131] envisages device
architectures that could provide pure spin currents into the external circuits without
associated charge current. These studies have involved some very creative suggestions
involving electric field controlled selective spin injection across a semiconductor interface
[132-134], or use of topological insulators, etc [135]. A few other studies, which have
no direct bearing on the concept of “spin battery” as stated above, have addressed a
separate question of manipulating the magnetic moment of some magnetic materials by
electrochemical lithiation and delithiation as done in a rechargeable battery system for
“charge” storage. To put our work into perspective, we briefly discuss below some of

these past research works.

In an early study, Sivakumar et al. (MIT group) examined the changes in the magnetic
and structural properties of magnetite (Fe3O4) as a function of lithiation. An almost
75% drop of saturation moment was observed upon 2 moles of Lithium insertion per
formula unit [136]. Again in his other paper, he showed that by electrochemical lithi-
ation a large change in the magnetization of CrOg is possible [136]. In another work,
Abdel-Ghany et al. studied the magnetic properties of LiNig 33Mng 33Co0.3302 (lithiated
NMC) more from the standpoint of using magnetism as a diagnostic tool for developing
fundamental understanding and control of battery phenomena [137, 138]. However, no
battery electrochemistry was used to examine reversible charge-discharge effects. In a
subsequent and more recent work, Reitz et al. explored the magnetism of mesoporous
Lithium ferrite films and demonstrated in situ tuning of their magnetic properties by

reversible topotactic lithium insertion [139]. In a somewhat similar study based on
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nanoscale hematite battery electrode, Zhang et al. showed reversible and rapid ma-
nipulation of its magnetism by 3 orders of magnitude by lithiation/delithiation at room
temperature[140]. In another purely theoretical recent study, Wang et al. considered the
case of half-metallic (100% spin polarization) TiF3 under lithium insertion and showed
that the half metallicity is retained upon insertion [141]. They proposed that such

material could potentially serve as an anode for the Li-ion spin battery.

One must differentiate between the technical interest in reversibly changing the magnetic
moment and/or coercive field of a ferromagnet (or a ferrimagnet or canted antiferromag-
net) by lithiation/de-lithiation and changing its spin polarization, because the latter is
important for spintronic devices wherein spin itinerancy is the key, rather than static
information storage. Indeed, we believe that there is significant scope for doing new and
novel device science if we do not restrict to the concepts of separate charge and spin
storage. Indeed, one could envision a new domain of “iono-spintronics” wherein ionic
movements and separations such as in Li-ion batteries could also be used to concur-
rently control the spin polarization of the material. The origin of the present work lies
in our recent research on a 3D antiperovskite intermetallic system FesSnC [4], wherein
we found that this conducting system (itinerancy required for spintronics) is a robust
high capacity anode material that can reversibly cycle four lithium ions. While exploring
this system by first-principles DFT calculations we discovered an interesting fact that
this system not only has a finite density of states at the Fermi energy (metallicity), but
also a net spin polarization (the net difference between spin up and spin down electrons
at Fermi energy (Ep)). This raised the possibility that by lithiation and de-lithiation in
a battery scheme, it may be possible to ionically and reversibly control the spin polariza-
tion (and magnetism) of the material by manipulating the charge (Li-ion) population; a
perfect case for the suggested concept of “lono-Spintronics” or a “spintronic battery”.
Following these theoretical insights, we experimentally examined the magnetism (along
with the other properties) in the solid-state sintered extra Li-incorporated bulk system
with stoichiometry of Li,FesSnC (x = 1, 2, 3, 4), as well as the reversible magnetism
changes occurring in the same material as a function of lithiation/de-lithiation in a Li-
ion battery half-cell. Indeed, we found remarkable similarities between the theoretical
and experimental results, although the experimental results showed that lithiation turns
the system into a biphasic state comprised of tin-lithium alloy (due to high affinity
of Sn for Li) along with lithiated FesC. This work clearly suggests that the suggested
iono-spintronic or charge-driven spintronic battery effect is indeed possible and can be

exploited in interesting applications.

3D antiperovskite are rapidly emerging as materials systems of significant interest in
various fields of application; with nitride and carbide-based antiperovskite attracting the

most recent attention. The general formula for antiperovskite materials is M3gAX where
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M is a 3D transition metal (e.g., Fe, Ni, Co, Mn, Cu, etc.), A is a post-transition metal
(e.g., Sn, Ga, Ge, etc.), and (X= N, C, O). In an M3AX cubic antiperovskite material,
the M atom is situated at the face center, the A atom is at the corner, and the C atom
is at the body center with MgC octahedral coordination [142]. Antiperovskite material
has many applications in the different fields of science and technology such as advanced
battery materials [101, 143-148], magnetism and magnetoresistance [124, 125, 149-152],
the emergence of superconductivity [32, 51, 102, 103, 153-155], electrochemical energy

conversion and storage [156—-158], etc.

2.2 Experimental and Computational Details

Fe3SnC was prepared by a two-step solid-state synthesis using an evacuated quartz tube
as reported by Roy et al. LiFesSnC (x= 1 - 4) was synthesized using this Fe3SnC powder
and Lithium acetate (CH3COOLi). These two compounds were mixed in appropriate
ratios and heated in an argon atmosphere at 900°C for 4 hours. These four samples
were characterized by Powder X-Ray Diffraction (P-XRD), high-Resolution Transmis-
sion Electron Microscopy (HRTEM), and Field Emission Scanning Electron Microscopy
(FESEM). The PXRD, FESEM were performed by using a Bruker D8 advance X-ray
instrument and NOVA nano SEM, respectively. HRTEM was performed by using a Jeol,
JEM 2200F'S at 200 keV. Magnetization (M) was measured as a function of Temperature
(T) and applied magnetic field (H) using commercial 7 T-SQUID-VSM (Quantum Design
Inc., USA) systems. The zero-field cooling (ZFC), and field cooled (FC) measurements
were performed at an applied magnetic field of 100 Oe. Also, M vs H measurements was

carried out at constant temperatures of 5K and 300K.

We performed spin-polarized ab-initio density functional theory (DFT) based calcula-
tions using Quantum Espresso (QE) computer package [159]. Ultrasoft pseudopotentials
were used to describe the electron-ion interactions [160-162]. The valence electronic con-
figurations, considered in this work, for each element are: Sn [4d!® 552 5p?], C [2s? 2p?],
Fe [3s? 3p% 3d% 4s?] and Li [1s? 2s!]. A plane-wave basis set determined by kinetic
energy cut-offs of 60 Ry (for wavefunction) and 520 Ry (for charge density) was used to
expand the wavefunction and charge density. The electron-electron exchange-correlation
was described by the Perdew-Bueke-Ernzerhof (PBE) parametrization of the generalized
gradient approximation [163]. Brillioun zone integrations were performed with a shifted
(12x12x12) Monkhorst-Pack [164] k-point mesh. Marzari-Vanderbilt smearing of 0.008
Ry was used to speed up the convergence [164, 165].
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2.3 Results and Discussion

Fe3SnC is a cubic antiperovskite intermetallic compound. In this crystal, eight tetra-
hedral and three octahedral interstitial void spaces are present, hence there is sufficient
space for a Lithium atom to navigate within the cubic unit cell of FesSnC. In our earlier
paper, we have shown that from the CV plot (Figure 2.1 b) a maximum of 4 lithium
atoms can be accommodated in the bulk FesSnC through electrochemical lithiation and
this material behaves as high capacity anode material with an impressive specific capac-
ity of 450 mAh/g (Figure 2.1 a) [4].
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FIGURE 2.1: (a) Capacity of Fe3SnC and (b) Cyclic Voltametry or CV plot. [4]
By simple mathematical calculation we have seen that, maximum 4 Li are possible which

also corresponds to the four sharp redox peaks in the CV plot (Figure 2.1 b) and the

calculation details are presented in the Figure 2.2

O Imdh=3648=36C
1 electron= 1.6 x 10°° C
3.6C = 2.2*10'° no. of electron=2.2*10"° no. of Li+

So,
1 mAh = 3.6C = 2.2*10'° no of electron or Li*

O Here we obtained 450 mAhg™! due to Li incorporation inte the Fe;SnC crystal
systen.
O  Now, calculated molecular weight of the unit cell of Fe;SnC=298.26 g/mol

O Hence, one unit cell contains

2.2*10"7%450%(298.26/6.023*10%%) = 4.36 (~4) no. of Li atoms

FIGURE 2.2: Detail calculation of maximum number of Li atoms. [4]

Taking these experimental inputs into consideration, in the present case, we first modeled
the systematic insertion of 1-4 Lithium atoms at different interstitial positions in the
bulk FesSnC crystal. We find that there are 34 different inequivalent configurations as

shown in Figure 2.3
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FIGURE 2.3: 34 lithiated configuration of 1-4Li.

2.3.1 Structural and Morphological Analysis

Fe3SnC is a cubic antiperovskite intermetallic compound. In this crystal, eight tetra-
hedral and three octahedral interstitial void spaces are present, hence there is sufficient
space for a Lithium atom to navigate within the cubic unit cell of FesSnC. In our earlier
paper, we showed that a maximum of 4 lithium atoms can be stored in bulk FegSnC
through electrochemical lithiation and this material behaves as a high capacity anode
with a very impressive specific capacity of 450 mAh/g [4]. However, in that study, it
could not be unambiguously discerned whether the system retains its single-phase char-
acter upon multiple lithium-ion incorporations. Taking clues from these experimental
inputs and to plan the present work, we first modeled the systematic insertion of 1-4
Lithium atoms at different interstitial positions in the bulk FesSnC crystal and found
that there are 34 different inequivalent configurations as shown in Figure 2.3. Upon
optimizing all these structures (Figure 2.4), we observed that due to the insertion of the
Li atom(s) in the unit cell of Fe3SnC, significant strain and structural deformations oc-
cur. The theoretically obtained lowest energy lithiated crystal structures for 1-4 Li and
their optimized lattice parameters are given in Figure 2.5. It can be seen from Figures
2.4 and Figure 2.5 that the theory suggests that after one Li incorporation, the cubic
phase of FesSnC must get distorted and become rhombohedral (hexagonal family) if it
has to retain its single-phase character. However, as our experimental work described
below revealed, the great affinity of Sn to Li leads to the extraction of Sn out from
FesSnC, leading to a biphasic system of Sn-Li alloy phase(s) and FesC (with partial or
full lithiation).



Chapter 2. Lithiation-induced Evolution of Biphasic Constitution in Anti-perovskite
Fe3SnC and its effect for magnetism: A Case for Rechargeable Spintronic Battery 33

1Li 2Li i
¥ . J
WO
Q d Q
0.00 eV 0.58 eV 0.63 eV
6 ,
o L
o0
2.49 eV G —
s 504ev 7096V
3Li . LiNg 9 4% (Lo e 'b”p@’
‘O " 7 : o \ f [0 g 7@4 Q |
’_(? O& 5&0 o <o 0.00ev 028e¢vV  040e 0.44 ¢V 0.89 eV
- —9 & f \
0.00eV  0.18eV 0.32eV 0.57 eV LY A N €00 Q,Joo \
\ @ /R 99 %/ oo\ [® o e oe
9 E o™ & 1‘; 0 po 111 eV 139eV  139ev 2136V 2.36eV
(S )+ e P ) LX) e o 54 %%o X
0.65 eV 0.66 eV 0.83 ¢V 1.17 eV & () g O‘O
| 297eV 3.46eV pET 4.68 eV i
i ° o® Y O\ {90 e 6.57 eV
\ |o o
@"—‘ ¢c—-o
4.18 eV 6.73 eV 712 eV 13.16 eV

FIGURE 2.4: 34 Optimized lithiated configuration of 1-4Li.

We synthesized the material with progressively higher Lithium content ranging from Li
= 1 to 4 (as described in the experimental section ) and scrutinized the corresponding x-
ray diffraction data. Upon insertion of the very first Li atom, however, the experimental
data showed completely different peak locations and relative intensities varies those of
the parent Fe3SnC phase. The major peak signature of FesSnC was at 40.3° (111) but
that for a single lithiated case was noted to occur at 38.22° (111). The peak at 23.02°
(100) for non-lithiated Fe3SnC was not found, while another strong one was located at
18.32°. This suggested that perhaps due to high lithiation-induced stress, the system
is not able to evolve along the the expectations based on theory (Figures (Tables 2.5),
but rather evolve into new phase constitution. The entire family of peaks appeared to
change reflecting changes in the crystal symmetry. Interestingly, with further addition of
each lithium, the relative intensity ratios of peaks are seen to change, but the positions
roughly remain the same as in the single lithium incorporation case. Since Sn is known
to form an alloy with lithium enabling high anode capacity, [166-170] we considered
the possibility of Sn from Fe3SnC getting out from the structure to form an alloy phase
Sn,Liy, leaving the Fe3C carbide phase to incorporate additional Lithium. Indeed, we
could identify the peaks for the lithiated phases with the concurrent presence of tin-
lithium alloy and FegC. The changes in the intensity ratios and small changes in the
lattice positions could be understood from the distortions and strains. Morphologically
(FESEM data, Figure 2.6), the cases of non-lithiated Fe3SnC and lithiated compounds
with one or two Lithium incorporations exhibit a layered morphology. However, for the

3 or 4 lithium incorporation cases, the morphology appears to be more in the form of



Chapter 2. Lithiation-induced Evolution of Biphasic Constitution in Anti-perovskite
FesSnC and its effect for magnetism: A Case for Rechargeable Spintronic Battery 34

crumpled or ill-defined sheets. This can be due to excess stress embedded in these highly

lithiated cases.
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PXRD of LiFe;SnC Morphology(SEM)
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FIGURE 2.6: (a-c) HRTEM image of lithiated compound LiFe3SnC, Inset shows atomic
details showing hexagonal arrangement; (d) represents the theoretically obtained image
showing atomistic details of two-phase Fe3C and LiSn.
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HRTEM images of the single lithium-containing FezSnC compound (which shows ex-
cellent magnetic properties in this series as discussed below) viz. LiFezSnC is shown
in Figure 2.7(a). The interplanar distance (d) is found to be 0.41 nm and this is very
close to the theoretically obtained value of 0.43 nm and which corresponds to the (100)
plane of the rhombohedral lattice (hexagonal family) as shown in Figure 2.7(b). From
the diffraction image of Figure 2.7(c) corresponding to the major (100) planes, it is
clear that we do observe the hexagonal phase after a single lithiation in Fe3SnC, as also
represented by the red coloured line in Figure 2.7(b) with the LiSn alloy phase. This
corroborates excellently with our theoretically obtained crystal structure for a single Li

case as shown in 2.7(d) where both FesC and LiSn phases are present.

FIGURE 2.7: (a) HRTEM image of lithiated compound Li,Fe3SnC, Inset shows atomic

details showing hexagonal arrangement; (b) represents the theoretically obtained image

showing atomistic details and hexagonal arrangement; (d) crystal structure of the single
lithiated compound.
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2.3.2 Magnetic Measurements

We performed the magnetic measurements of all the synthesized powder samples at 300K
and 5K. These magnetization data are presented in the M-H curve for both pristine and
a single lithiated Fe3SnC systems at 5K and 300K are presented in Figure 2.8(a, b). On

the right Y-axis, we present the magnetic moments per Fe atom.
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FIGURE 2.8: (a), (b) M vs H plot of pure FegSnC and a single lithiated FesSnC at 5K
and 300K.

For pure FesSnC, we observe that the sample exhibits a net saturated magnetization
which could, in principle, emanate from a ferromagnetic or a ferrimagnetic order. How-
ever, as the value of M is quite small, the system can be considered to have an FIM order
[171] at both the temperatures. It has a very small coercive (H,) field of 25.7 (20.6) Oe
at 300K (5K) and also a small saturation magnetization (M) of 11.73 (20.8) emu/gm
at 300K (5K) respectively. After single lithiation (one Li-ion incorporation) that leads
to biphasic state as mentioned earlier, we observe that there is an enormous change in
the saturation magnetization (M) and the corresponding Ms value increases from 11.73
(20.8) emu/gm to 101.52 (107.42) emu/gm at 300K (5K), respectively. However, there
are very small changes in the coercive field; the values changing t015.6 (12.1) Oe at 300K
(5K), respectively.

In pure and lithiated FesSnC, the Fe atom is expected to be primarily responsible for the
magnetization, hence we calculated the magnetic moments per Fe atom. The calculated
magnetic moment on an Fe atom of FesSnC is 0.21 (0.38) up/Fe atom at 300K (5K)
and for LiFegSnC it is 1.81 (1.91)up/Fe at 300K (5K), respectively. Thus, one Li-ion
introduction makes a huge change in the magnetic moment of Fe which is clear from the
above Figure 2.8(a, b) and it nicely corroborates with our theoretically obtained results
discussed below in Figure 2.16. After a successive insertion of Li in the pristine system

(FesSnC), we observed that the saturation magnetization (Ms) changes dramatically
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which is presented in the M vs H plot shown in Figure 2.9(a-b). As discussed earlier,

however, the system evolves as a biphasic material and not a single-phase material.
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FIGURE 2.9: (a), (b) M vs H plot of pure FesSnC and all lithiated Li,Fe3SnC (x=1 -
4) at 5K and 300K.

In Figure 2.10(a, b) we present the M vs T plot at a constant magnetic field of 100
Oe for both the pristine and single lithiated FesSnC. In the inset of Figure 2.10(a),

we have presented the dM/dT vs T plot, which represents the paramagnetic transition

temperature Tc of FesSnC at 71K, which is closely matched with the reported value
77K [124]. From the nature of the ZFC and FCW curves, it is seen that pure FesSnC is

a low-temperature soft ferrimagnetic material[172].
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FIGURE 2.10: ZFC and FCW curve of (a) pure FezSnC, (b) single lithiated LiFe3SnC.
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But upon single lithiation, it becomes room temperature ferromagnetic [168], which

is seen from the ZFC and FCW bifurcation curve(s) and strong finite moment noted

in Figure 2.10(b).

material changes as shown in Figure 2.11.

With successive lithium concentrations, the magnetic order of the
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2.3.3 DFT Based Calculations of the Electronic and Magnetic Prop-

erties

Since we found that lithiation evolves the sample into a biphasic constitution involving
a tin-lithium alloy (Sn getting extracted from the Fe3SnC phase to form the alloy) and
a partially lithiated Fe3C phase component; we examined theoretically (DFT) whether
the magnetism and the changes therein emanate from the latter phase due to lithiation-

induced strain and related changes.

In earlier reports, there has been some controversy about the magnetic ground state
of FegSnC [124, 173]. Stadelmaier and Huetter suggested that this ternary carbide is
ferromagnetic [173]. Ivanovski et al. reported that this is nonmagnetic [155], while
another experimental group of Wang et al. [125] reported that it could behave as a spin
glass material. Grandjean reported that FesSnC may have an FIM coupled phase below
77 K [58]. Our DFT study suggests that the FesSnC is ferrimagnetic, as discussed in
the Table 2.1 where from the energy value its clearly tell that FIM is more favorable
magnetic order.

TABLE 2.1: Energy difference(AE) between the different magnetic orders of Fe3SnC
from the lowest energy FIM ordering.

Magnetic Order | AE (meV)
Non-magnetic (NM) 2.42
Ferromagnetic (FM) 37.5
Ferrimagnetic (FIM) 0.0

In the present case however, we are primarily concerned about the Fe3C case, since the
lithiation is noted to extract Sn from the FesSnC compound and further proceeding
happens in the Fe3C phase. Thus, we need to compare the magnetism of the unlithiated
case of FesSnC with that of lithiated FesC as the system evolves with more lithium.
Some differences between experimental and theoretical results may emanate from partial
lithiation of FesC.

We first considered the cubic structure of the FesC (Pm3m) phase taken from the OQMD
database (ID: 1998746) [174, 175]. We optimized pure (just for comparison) and all the
lithiated configurations of FesC and calculated the density of states (DOS) for all the
stable structures of LizFesC and the corresponding spin polarization with successive

lithiation from 1-4 Li as discussed below

The optimized lattice parameters of the lithiated FesC presented in Table 2.2 suggest
that after 2-4 Li incorporation the lattice parameters evolve along different crystallo-
graphic directions.As can be seen from the analysis of XRD data based on the Williamson

Hall method presented in Figure 2.12(a-e), the experimental results appear to broadly
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TABLE 2.2: Optimized lattice parameters of lithiated Fe3C and LigFezSnC

Lithiated system Lattice parameters
LigFe3SnC a=b=c=3.874; a= f=7=90
LiFe3C a=b=c=3.87A4; a ==~ =90
LigFesC a=4.37, b=c=4.884; a = 50.67 § = 118.88 v = 129.33
LigFesC a=b=4.37, c=5.284; a = f = 89.98 v = 128.05
LigFesC a=b=4.57, c=6.74A; a = 99.92 = 80.08 v = 131.86

reflect the systematic seen in the theoretical results presented in Figure 2.13(a-d) which

corroborate fairly well with our experimental XRD patterns shown in Figure 2.6
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(¢) LigFesC and (d) LigFesC. The different colors of the Fe atom correspond to the
different magnetic moments.
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During the process of Li-ion storage in a battery, strain is developed in the electrode
material due to volume change-induced stress which is an unavoidable phenomenon.
Since in our case, 1, 2, 3, and 4 Lithium ions are being incorporated in the Fe3SnC anode
system, and the same is also causing biphasic constitution of the material, analysis of
strain is certainly an important consideration to address. To understand these issues
of stress/strain Scherrer equation (Williamson Hall plot, Figure 2.12 (a-d) ) is one of
the best techniques to estimate and elucidate the strain from the XRD data. Therefore,
we obtained the W-H plots using the Scherrer method for different cases of interest.
The slopes of these plots tell about the microstrain in the system. In our case, we have
observed that the slope of the unlithiated FegSnC is -ve (Figure 2.12a) which signifies
the zero or very negligible strain [176]. But with successive lithiation, we have observed
that slope becomes +ve which implies that strain is indeed generated by lithiation. With
single lithiation, the slope is 0.00133 (Figure 2.12b) which rises to 0.00295 (Figure 2.12c)
after the second lithiation. However, interestingly, after the third and fourth lithiation,
the slopes are found to be about the same (0.00105) (Figure 2.12 d, e) within error. We
note that the scatter of points is quite large hence the error bars are huge. Therefore
nominally we should take the leading digits as 0.001 (first lithiation) change to 0.003
(second lithiation) and change back to 0.001 after the 3rd and 4th lithiation. This
implies that first lithiation leads to a biphasic state with strain in Fe3C (both Fe3SnC
and Fe3C are cubic), which increases with second lithiation suggesting substantial strain
and possibly structural distortion, but this provides a setting for further incorporation

of the third and fourth lithium incorporation.

The Density of States (DOS) of the unlithiated Fe3SnC , Fe3C ans all the stable lithiated
phases of Fe3C are presented in Figure 2.14(a-b) and 2.15(a-d) respectively.
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FIGURE 2.14: Represents the total density of states (DOS) of unlithiated systems (a)
Fe3SnC and (b) FesC

With lithiation, the formation of structural distortion strain/stress alters the local co-

ordination around the Fe atom and this leads to the changes in the magnetic moments
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per Fe atom (Figure 2.13(a-d)). The above-mentioned structural distortions induce sig-

nificant changes in hybridization between the atomic orbitals of Fe, C, and Li, which

in turn result in changes in the DOS and magnetic properties of lithiated FesC (Figure

2.15(a-d)). Importantly, this also creates large changes in the spin polarization (SP) of

the corresponding lithiated systems.
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To quantify this difference we compute the spin polarization (SP) using the following
formula:[177-181]

N} —Ny
. T Ep  YVER
Spin Polarizatin (SP) = F—F
Np +N
Ep T Ep

Degree of Spin Polarization: (DSP) = |SP| x 100%

(N;F) and (NfEF) are the number of spins up and spin down states, respectively, at the
Fermi level (EF). We find that for the pristine case SP=30.39%.

As seen from the data shown in Figure 2.15, all the lithiated cases of FezC exhibit
metallic behavior similar to the unlithiated FegSnC and Fe3C. Further, in all these cases,
it is the Fe-d states that have dominant contributions to the DOS at the Fermi energy.
More interestingly, the spin polarization at the Fermi level is significantly modulated.
SP as a function of the number of Li atoms is shown in Figure 2.16 (red curve). We
observe that except for LizFezC (insertion of three Li-ions), where the system is in
an FIM configuration (Figure 2.13b), lithium insertion significantly enhances the spin
polarization at Ex as shown in Table 2.3 and 2.4. Noting that for the pristine cases of
Fe3SnC and Fe3C the SP values are obtained as 30.39% and 13.64%, respectively, the

largest enhancement (more than twice) is observed for single-lithiated FezSnC.

Figure 2.16 also shows the average magnetic moment per Fe atom as a function of the
number of Li atoms, both computed and experimentally measured, along with the spin
polarization. We note that the computed and experimentally measured values of the
magnetic moments show similar changes which are heartening and interesting. Further,
the trends in the spin polarization as a function of the number of Li atoms follow the
trends in the magnetic moments on the Fe atoms.

TABLE 2.3: Contribution of up and down spin of electrons at the Fermi level into the
magnitude of spin polarization for Fe3SnC.

NE, N
Systems | (N} ) | (N},) | (SP) = wxloo%
FesSnC | 1.28 | 2.36 30.39
LiFesSnC | 0.65 | 3.87 71.23
LiyFesSnC | 1.31 | 3.02 39.5
LisFesSnC | 2.60 | 2.04 12.09
LisFesSnC | 2.01 | 4.47 38.00
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FIGURE 2.16: Black and the green curve represent the experimental magnetization
per Fe atom at 5K and 300K, and the blue and cyan curve represents theoretically
obtained magnetic moment per Fe atom for FesSnC and FesC, the red and wine color
curve represents the magnitude of the degree of spin polarization for both the system.

TABLE 2.4: Contribution of up and down spin of electrons at the Fermi level into the

magnitude of spin polarization for FesC.

NT NV
Systems | (N}, ) | (N},) | (SP) = ﬁ x100%
FesC 224 | 1.71 13.64
LiFesC | 0.39 | 3.21 78.53
LiFesC | 1.16 | 2.64 39.01
LisFesC | 2.39 | 1.96 10.00
LisFesC | 221 | 3.34 20.00
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2.4 Conclusions

In this combined theoretical and experimental study, we introduce the concept of iono-
spintronics or Spintronic Battery wherein the accumulation and de-accumulation of Li-
ion in the antiperovskite Fe3SnC anode of a Li-ion half-cell concurrently and reversibly
stores charge and spin; the latter mimicked by the experimental observation of non-
monotonic changes in magnetization as a result of degree of lithiation, nominally depicted
as (Liz=1-4Fe3SnC). It is noted experimentally that lithiation leads to a biphasic system
in this particular case because of the affinity of Sn to form an alloy with Li. Thus with
progressive lithiation changes occur in the stoichiometries and properties of the two
phases, namely the Sn-Li alloy phase and lithiated or partially lithiated Fe3C phase.
The computer (DFT) calculations have been performed accordingly to account for these

changes.

Given the structural and strain-related changes in magnetization upon lithiation and
its degree, and their connection to spin polarization outlined here, we believe that this
study would have broader and more interesting implications for a variety of structurally
interesting materials systems, not limited only to the anti-perovskite intermetallic case
discussed herein, wherein the structure-magnetism-spin polarization connection is acute.
Also, the biphasic character encountered here may not occur in other systems wherein
selective preferred interaction, as that of Sn in the present case, is not a possibility.
With the rapid evolution of the fields such as the internet of things (IoT) a new breed of
low-power consuming spintronics devices with novel functionalities is desired. Towards
this end, effects such as concurrent storage of spins mediated by traditional battery

architecture described here could add an interesting dimension.



Chapter 3

Surface-modified Antiperovskite Nitride Co3CuN as a
High Capacitive Anode Material Boosting Li-Ion Storage
Capacity

Abstract

Surface modified antiperovskite nitride CogCuN with high specific capacity have been
studied as high-performance anodes for Li-ion storage devices. Herein, an antiperovskite
Co3CuN was prepared via the hydrothermal method followed by calcination in the NHjs
atmosphere. A surface modified CogCuN (Cuj—,NCos_,/CuFeCo) was also designed
and studied as an anode material for Li-ion battery (LIB), the material was noted

—1 at a current density of 0.1 Ag™!

1

to deliver a reversible capacity of ~1150 mAhg
whereas pure CogCuN showed the reversible capacity of ~408 mAhg™" at a current
density of 0.1 Ag~!. It also exhibited very good retention of the initial capacity of
surface reconstructed CozCuNN after 350 charge-discharge cycles which is more than 62%

~1. Finally, the Li-ion full cell performance of surface

retention of capacity at 0.1 Ag
reconstructed CozCuN was studied using LiNig5Mng 3Cop202 (NMC-532) as a high-
capacity cathodic counterpart, which showed a very high reversible capacity of 600
mAhg~! (based on the anode weight) at an applied current density of 0.1 Ag~! with
35% retention of capacity after 100 cycles. This work offers new promising strategies to
improve a higher reversible capacity of antiperovskite as an anode material for Li-ion

battery applications.
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3.1 Introduction

Lithium-ion (Li-ion) batteries are the most reliable sources of green energy, and the appli-
cation of Li-ion rechargeable batteries in the real system makes them the most promising
energy source. As a substitute energy storage technology, lithium-ion batteries (LIBs)
can play a vital role in displacing fossil fuels without emitting greenhouse gases, as they
efficiently store energy for long periods in applications ranging from portable electronic
devices to electric vehicles [18]. The excellent stability, easy fabrication, and simple
electrochemistry attract great attention in the commercial market all over the world.
After the first commercialization of the Li-ion battery by SONY company in 1990 the
demand for this battery continuously increases where LiCoOy was used as cathode and
graphite used as anode material. Despite the huge success of this commercialized bat-
tery, intense research is continuously being hunted on the development of new novel
materials with very high energy and power density and excellent stability for both the
anode and the cathode electrode materials [182]. Any new anode and cathode materials
should deliver better than the existing ones on certain important aspects such as cyclic
stability, voltage hysteresis, operating potential window, capacity, and current stabil-
ity [18, 182-184]. Dendrite formation prevents the direct use of Li metal as an anode,
after that several different anode materials have been explored. Alloying, conversion,
and intercalation, these three types of materials mostly fall into the category of anode
material [18] though all these types of anode materials have some drawbacks. Different
alloying materials such as silicon [185, 186] (Si), Tin (Sn) [167], bismuth (Sb) [187], etc
these anode materials have other issues of capacity fading, volume expansion, and pul-
verization [188-191]. Various strategies have been involved to improve the performance
of all these anode materials by controlling the capacity fading and volume expansion,
but all the issues have partially been resolved [189]. The conversion material has distinct
difficulties of high operating potential and high voltage hystratesis [192]. However, in
terms of cycling and rate stability intercalation type materials are the best but it also
has some limitations of low capacity [193]. From the commercial perspective, all these

anode materials are not able to fulfill the required specification except graphite.

Many 2D, 3D oxides, carbides, nitrides, chalcogenides, and perovskites materials of dif-
ferent crystallographic sizes such as bulk, layer, and nanomaterials have been explored
as new novel anode materials for Li-ion battery electrodes but each of them has some
disadvantages and possess through some limitations. Nanomaterials have certain draw-
backs in terms of applicability, such as limited density, poor electrical conductivity, and
significant danger of surface side reactions. To overcome the disadvantages of nanoma-
terials the idea of core-shell nanostructure was introduced in the last 20 years [194]. The

promising core-shell anode materials with different crystal types and different coating
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layers, (generally carbon and oxide) were reported such as core-shell SiQ@C nanowires, and
nanotubes [195-199], Core double-shell Si@SiO,@C nanocomposite [200], Sn@QC [201],
Sn@Cu core-shell nanomaterials [166, 202], core-shell Fe304,@C nanowires [203—206],
core-shell SnO2@C nanoparticle [170, 207-215], TiO2@Sn core-shell [216-218]. The core
is the most important component with different functional qualities, while the outer shell
serves as a protective layer or adds new features to the core. Core-shell composites can
also be assembled into zero-three-dimensional (0-3D) morphologies in the nanometre
to micrometer scale. Core-shell structures often display superior physical and chemical
properties over their single-component counterparts and hence are extensively used in

optics, magnetism, biomedicine, catalysis, energy conversion, and storage [219-228].

Antiperovskite with the different chemical environments such as lithium halide hydrox-
ide, oxyhalide, cluster-based, hydride-based, and transition metal-based antiperovskites
[3] has been explored as solid-state electrolyte and cathode material for Li-ion batteries
[3]. Based on the literature report there are very few reports of the antiperovskite anode
materials with less capacity [4, 229]. A new family of Li and Na rich antiperovskite was
reported as high ionic conducting material for solid-state electrolytes [3, 101]. The Li-
rich antiperovskites were also proposed to serve as cathode materials by possible cation
and/or anion manipulations [3, 230]. Antiperovskite carbide and nitride have a very
high density of state (DOS) at the Fermi level (Er) and exhibit metallic signature and
it shows very high superconducting properties like in MgCNig and CuNNis [49, 104]. The
highly conducting property of nitride antiperovskite leads to a promising application in
the field of electrocatalysis and shows excellent (HER, OER) performance [69, 231-235],
and these properties also encourage further applications in the field of energy storage in
LIB.

Herein for the first time pure antiperovskite CogCulN and surface modified CogCuN-
based core-shell like the structure of (Cu;_;NCos—_,/CuFeCo) material is explored for
a LIB as an anode with a very high capacity and outstanding stability. Antiperovskite
Co3CuN was synthesized via hydrothermal method followed by calcination in ammonia
atmosphere. A surface reconstructed Co3CuN (Cu;_;NCos_,/CuFeCo) was synthesized
using Cu excess CozCuN followed by treatment with aqueous FeCls solution which
delivered a reversible capacity of 1150 mAh/g at a current density of 0.1 A/g whereas
pure Co3CulN showed 408 mAh/g at the same current density. Finally, the Li-ion full cell
performance of surface reconstructed CozCulN was studied using LiNig.5Mng.3Co0y.20-
(NMC-532) as a high-capacity cathodic counterpart, which showed a very high reversible
capacity of 600 mAh g-1 (based on the anode weight) at an applied current density of
0.1 A/g with 35 retention of capacity after 100 cycles. This work offers new promising
strategies to improve a higher reversible capacity of antiperovskite as an anode material

for Li-ion battery applications.
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3.2 Experimental Details

3.2.1 Materials

All the analytical grade reagents were used directly without further purification. Cobalt
acetate (Co(CH3COQ)2-4H20),Hexamethylenetetramine (HMT), Copper acetate, Ferric
chloride hexahydrate (FeCls.6H20) were purchased from Sigma-Aldrich Chemical Co.

Millipore water was used for all the experiments.

3.2.2 Synthesis of Co3;CulN

A hydrothermal method has been used to synthesize antiperovskite nitride CogCuNN. In
the typical synthesis, 1.5 mmol cobalt acetate, 0.5 mmol copper acetate, and 4 mmol
HMT were dissolved in 50 mL deionized water and mixed it properly. The mixture was
then transferred into a 100 mL Teflon-lined autoclave and then heated at 120°C for 12
h. After aftercooling down to room temperature, the precipitate was collected through
centrifuging (1000 rpm for 15 minutes) and washed with deionized water and ethanol 3
to 4 times. The collected product was dried in a vacuum oven at 80°C overnight. The
dried product was then ground well and calcined at 420°Cfor 4 h under NH3 atmosphere
in a tube furnace. After cooling down to room temperature, the furnace atmosphere

was replaced with No flow. The final product was collected for further characterization.

3.2.3 Synthesis of Cu Excess Co;CulN (Co3CuN + Cu)

Co3CulN + Cu has been synthesized using a similar protocol of CogCulN using excess

copper acetate during the hydrothermal process.

3.2.4 Synthesis of Surface modified Co;CulN (Cu;_,NCo;_,/CuFeCo)

A solid product of Cu excess Co3CuN (CozCuN + Cu) was used as a starting material
to synthesize Cu;—;NCos_, /CuFeCo. A desired amount of Coz3CuN + Cu was mixed in
an aqueous solution of the appropriate amount of FeCl3.6H2O and the resulting solution
was stirred for 25 min at room temperature. Finally, after 25 min, the solid sample was
collected through centrifugation (1000 rpm for 15 minutes) followed by washing with

deionized water and ethanol 3 to 4 times and kept in the oven at 80°C overnight.
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3.2.5 Characterization

The powder XRD or PXRD measurement was carried out to analyze the crystal struc-
ture of the materials using the Bruker D8 advanced X-ray diffractometer (Cu-K, A =
1.54178A). The morphology of the obtained solid products was studied via field-effect
scanning electron microscopy (FESEM, ZEISS-Ultra Plus-4095). High-resolution trans-
mission electron microscopy (HRTEM) image was obtained on a transmission electron
microscope (a Jeol, JEM 2200FS at 200 keV) with a selected area electron diffraction
(SAED) pattern.

3.3 Electrochemical Characterizations

3.3.1 Fabrication of Electrode and Coin Cell

The electrodes for both the CosCuN and Cu;—;NCosz_,/CuFeCo materials were made
by mixing the active material, conducting carbon (Acetylene black) and polyvinylidene
difluoride (PVDF) as a binder (Sigma—Aldrich; weight ratios were maintained as 7:2:1)
in N-methyl-2-pyrrolidone (NMP) solvent and coating the slurry onto a Cu foil. The
electrodes were dried in an oven at 80°C for overnight. The dried electrodes were then
cut into round electrodes by using a disc-cutter. We made the 2032-type coin cells
in an Ar-filled glovebox. For all the studies, LiPFg electrolyte was used in a solvent
combination of 1:1 ethylene carbonate (EC) and dimethyl carbonate (DMC) along with
2 wt % fluoroethylene carbonate (FEC; Sigma Aldrich) as an additive. Celgard 2500

was used as the separator.

3.3.2 Fabrication of Full Coin Cell

A full cell was fabricated using LiNig 5Mng 3Cog 202 (NMC-532) as the cathode having
an anode to cathode mass ratio 1 : 3. The operating potential window was kept at 2 to
4 V and 1M LiPFg in EC/DMC (1 :1 v/v) was used as the electrolyte with 2 vol % of
EFC additive. A total amount of 200 ul of electrolyte was used. The capacity of the

full cell was calculated based on the anode weight.
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FIGURE 3.1: Schematic representation of CozCuN and Cu;_,NCos_,/CuFeCo syn-
thesis.

3.4 Results and Discussion

3.4.1 Synthesis Mechanism of Co;CuN and Cu;_,NCo;_,/CuFeCo

The fabrication procedure of the CogCuN and surface reconstructed Cu;—,NCos_, /CuFeCo
are schematically illustrated in Figure 3.1. The formation mechanism of the core-shell
is similar to the reported mechanism of core-shell CuNNis [69]. As per the report pub-
lished by Zhu et al. initially, copper was dissolved according to the chemical reaction
(1) [69, 236]. After the addition of FeCl3.6H20 into an aqueous solution of Cu ex-
cess CozCuN (Co3CuN+Cu), Co and Cu in the antiperovskite structure were partially
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etched by Fe3t according to the reactions 3.1 and 3.2. Significantly, Fe3*, Cu?*t, and
Co?* ions were hydrolyzed to form a CoFeCu (oxy) hydroxide colloid and H* (reaction
3.3) [69, 237, 238]. Hydrolysis was promoted due to the consumption of H. As a result,
CuFeCo was deposited on the surface of the antiperovskite which leads to the formation

of p-Cu;_;NCos_,/CuFeCo core-shell like material.

Cu+ 2Fe3t = Cu®T + 2Fe?T (3.1)
Co+ 2Fe*t = Co*™ + 2Fe*t (3.2)
Fe3t + Co*T + Cu*™ + OH™ = CuFeCo(oxy)hydroxide + H* (3.3)

3.4.2 Structural Characterization

It is a well known fact that particle size plays an important role in any chemical reactivity.
The nanoparticle with a small crystalline size increases the surface area and has good
surface energy could enhance the chemical reactivity. The PXRD patterns of Co3CulN
are presented in Figure 3.2(a) and the sharp peak in the PXRD patterns reveals the pure
phase of the Co3CulN. All the peak positions and corresponding planes are indicated in
Figure 3.2(a) which are well matched with the earlier reported [126] PXRD pattern.

(a) — CuNCos3 (b) Cuy_xNCo 3_3.;’F eCoCu
= -~
— o :
5 =
£ = =
g : z

§ - § zCu

5 & = CuNCo3 + Cu

[
#
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20 30 40 50 60 70 80 20 30 40 50 60 70
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FIGURE 3.2: Powder XRD patterns of (a) CozCuN; (b) Cu excess CozCuN (black line)
and surface reconstrated CozCuN (Cuy_;NCos_,,/CuFeCo) (red).

The powder XRD pattern of the Co3CulN + Cu complex and the surface reconstructed
CuNCos (Cuj—zNCos_,/CuFeCo) have been presented in Figure 3.2(b). In the case of
Cu excess CozCulN, two small peaks at 20 = 43.93° and 51.04° correspond to metallic
Cu and the remaining three strong peaks correspond to the CosCuN. After etching



Chapter 3. Surface-modified Antiperovskite Nitride Co3CulN as a High Capacitive
Anode Material Boosting Li-Ion Storage Capacity 54

by Fe3* (FeCl3.6H20) the peak associated with metallic Cu was not observed in the
case of Cuj_,NCos_,/CuFeCo, suggesting that metallic copper successfully dissolved.
Additionally, the three main peaks of CogCuN almost remain the same except there
is a slight shift of the peak position towards the left side and there is a little drop in
the intensity which assisted that the surface elements of the core material of CozCuN
participle for making the amorphous shell around the core which is clearly illustrated in

the PXRD pattern, the broad region between the 20 range from 20° to 39°.

3.4.3 Morphological Characterization

To further understand the skeleton of the crystal structure and its morphology HRTEM
was recorded for CogCuN and Cu;_;NCosz_,/CuFeCo. SEM image of CogCuN Shown
in Figure 3.3(a) showed the nanowire morphology. The HRTEM images of Co3CuN
exhibited an assembly of nanoparticles into a nanowires presented in Figure 3.3(b). The
average size of a Coz3CulN nanoparticle is about 50 nm. Figure 3.3(c) illustrated the
lattice fringes of the Co3CuN correspond to the (111) plane with an interplanar lattice
spacing of 0.22 nm and the corresponding lattice constant of the unit cell of CozCuN
is 3.75A which nicely corroborates with our theoretically obtained optimized lattice
constant of 3.74A using density functional theory (DFT) and the crystal unit cell of
Co3CuN is presented in Figure 3.3(d). The stoichiometry of the sample is confirmed by
EDS shown in Figure 3.3 which suggests the exact atomic ratio of 3:1:1 of the sample.
The elemental mapping shown in Figure 3.4 confirmed the homogeneous distribution of

the elements.
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a=3.74 A

FIGURE 3.3: (a) SEM; (b) HRTEM image of CuNCo3. (c¢) FFT image corresponds to
the (111) planes of CozCuN; (d) Unit cell representation of CozCuN.
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FIGURE 3.4: (a) EDAX analysis; (b) Elemental mapping of CozCulN.
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The HRTEM image is shown in Figure 3.5a. demonstrated both the core and the shell-
like region while the white dotted line differentiates the core and shell region. The
FFT image of the core-shell has been recorded to analyze the detailed crystal nature
of the core and shell which is illustrated 3.5b. The zoomed image presented in Figure
3.5b(i, ii, iii) represented the shell, core, and the interface region between the core and
shell respectively. Figure 3.5b(i) illustrated the amorphous nature of the shell, Figure
3.5b(ii) illustrated the cubic crystalline region of the core (Co3CuN), and Figure 3.5b(iii)
demonstrated the interface region between the amorphous and crystalline system of the

core-shell.

Snn

FIGURE 3.5: (a-b)HRTEM image of the core-shell of Cu;_;NCoz_,/CuFeCo.

The EDS data of the Cu;_;NCos_,/CuFeCo) is presented in Figure 3.6(a). Elemental
mapping and line-scan spectra shown in Figures 3.6(b) and 3.6(c), confirmed the presence
of Co, Cu, Fe, and N. The elemental mapping obtained from the Cu;_,;NCos_,/CuFeCo)
confirmed that the elements of the core consist of Co, Cu, and N whereas elements of the
shell consist of Fe, Cu, and Co shown in Figure 3.6(b). Furthermore, line scan spectra
shown in Figure 3.6(c) exhibited a strong signal of Co, Cu, and N at the core region
which implies that the core consists of pure CogCulN. The strength of the Fe signal at
the core is very small but it extended throughout the core-shell, which indicated the

core-shell like structure. All the analysis confirmed the core-shell like the structure of
the Cu;_,NCoz_, /CuFeCo)
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FIGURE 3.6: (a) Illustrates the elemental mapping of the core-shell (

Cu;_;NCos_, /CuFeCo) element (b) Line scan of the core-shell.
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3.4.4 Electrochemical Characterization

The electrochemical performance of Co3CuN and Cu;_;NCosz_,/CuFeCo) materials
were tested in a LiPFg medium using a coin cell to analyze the LIBs’ performance.
It has been observed that CozCuN showed the first discharge capacity of 950 mAh/g
presented in Figure 3.7(a). The conducting nature and the presence of the high amount
(60%) of cobalt (Co) and also the presence of nitrogen (N) could lead to the enhancement
of the capacity. However, from the second cycle, the reversible capacity obtained 412
mAh/g. CogCuN showed a reversible capacity of 210 mAh/g after 350 cycles with 50%
retention presented in 3.7(b). The rate performance of the battery was measured with
different current densities of 100, 200, 300, 400, and 500 mA /g and Co3CuN showed a
specific capacity of 225 mAh/g at a high current density of 500 mA /g (Figure 3.7(c)).
The decay observed in the case of CogCulN with the increasing number of cycles could be
due to the volume expansion of the cell as evident from the theoretical study shown in
Figure 3.8 where with successive lithiation (1-5Li) inside the octahedral and tetrahedral

interstitial void space a significant volume change was observed.
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FIGURE 3.7: Charge-discharge profile in the half cell configuration (a) CosCuN and
(¢) Cui_zNCos—, /CuFeCo; Stability, efficiency and rate performance of (b) CozCuN
and (d) Cu;_;NCos_,/CuFeCo.

To further improve the performance of the battery we have modified the surface of
Co3CuN and the detailed synthesis protocol has been discussed in the experimental
section. Several strategies have been implemented to control or absorb the volume
expansion of the battery during the charging and discharging of metallic or conducting
anode materials [194]. One such strategy is the preparation of core-shell nanostructure
which could improve the performance by increasing the structural stability and storage
capacity of the Li-ion batteries. It was reported that to enhance the electrochemical

performance of the family of alkali ions batteries (AIBs) amorphization engineering
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FIGURE 3.8: The Electrochemical impedance spectroscopic analysis for the cell (fresh
cell and after 5 cycles) impedance of the pure and core-shell of CozCuN.

received much attention due to the unique functionalities of amorphous phases [22,
239-248]. Various important factors are there for the electrochemical performances of
crystalline host material such as the available energetically equivalent sites for guest-
ion occupation/transport, crystal orientation, structural stability, phase transition, the
spatial dimension of ion migration, defects in crystal, and the stoichiometric limitation
of ion insertion [249-251]. Compared to those crystalline electrodes, the amorphous
counterparts could deliver much improved specific capacities and long-term cyclability
over a wide potential window [22, 239, 243]. This is because the amorphous phases
exhibit several advantages, such as improved ionic intercalation/deintercalation kinetics
due to the existence of percolation pathways, a larger free volume, and a higher specific
surface area to accommodate lattice distortions [239]. A thin amorphous layer (10
nm) around the surface of the pure Co3CuN was decorated to improve the battery
performance of Co3CuN. The performance of the Cu;_,NCos_, /CuFeCo has been tested
and observed the increase in the specific capacity more than twice as compared to the
pure CozCuN presented in Figure 3.7b which is much higher than the earlier reported
study based on the 3D carbide antiperovskite FesSnC by Roy et al.[4] and Co3ZnC by
Chen et al [229]. The first discharge capacity of 2200 mAh/g at a current density of
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100 mA /g was observed. After 350 cycles the reversible capacity becomes ~710 mAh/g
which is very high as compared to the pure Co3CulN with excellent stability (59 retention)
shown in Figure 3.7b. The rate of performance has been verified with different current
densities of 100, 200, 300, 400, and 500 mA /g and it shows the decay of the capacity
with increasing the current densities but the capacity at 500 mA/g is ~ 465 mAh/g
which is very high as compared to the Co3CuN (225 mAh/g).

The capacity increases of the core-shell suggest the major role of the amorphous nature
of the shell consists of multimetal oxyhydroxide of CuFeCo deposited on the crystalline
surface of the CogCulN. The presence of the porosity, large surface area and presence of
the multi redox center (see the XPS data in Figure 3.9) for Li-ion to react helped to allow
more Li-ion to pass into the core-shell structure which could be the reason to improve
the capacity and structural stability of the Cu;_;NCos_,/CuFeCo. It is well-known
fact that metal oxyhydroxide has very good electronic conducting properties [252-254].
After forming the metal oxyhydroxide shell on the surface of the core, the core and shell
together in Cu;_,;NCoz_,/CuFeCo increased the electronic conductivity (Figure 3.8)
of the system and accelerate the chemical redox reaction of Li-ion with the electrode
and hence increase the performance of the battery. Electrochemical performance of
the antiperovskite Cu;_;NCosz_,/CuFeCo was comparable with the literature reports
presented in Table 3.1 which indicate the best performance of our materials among any
perovskite and anti-perovskite based reported materials to date according to our best

knowledge.

We fabricated a practical LIB using Cu;_;NCos_, /CuFeCo as anode and LiNig sMng.3Cog.202
(NMC-532) as a cathode considering the above-mentioned advantages of the Cu;_,NCosz_, /CuFeCo.
A very high reversible capacity of ~ 550 mAh/g (based on the anode weight) at an ap-

plied current density of 0.1 A/g was observed with more than 50 retention of capacity

after 50 cycles (Figure 3.10).

3.4.5 Post-cycling characterisation of Cu;_,NCo;_,/CuFeCo

To check the morphology of Cu;_,NCo3z_,/CuFeCo, we performed ex-situ post-cycling
FESEM of the electrodes. FESEM images in Figure 3.11 of Cu;—;NCos_,/CuFeCo
fresh, after 1st cycles and 100 cycles revealed that a uniform SEI layer developed on
the electrode surface, which leads to the stable anodic performance. Furthermore, the
morphology of the material was intact after 100 cycles which proved the robustness of

the material.
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FIGURE 3.9: The XPS spectra of Fe, Co, and Cu elements of the core-shell of CozCuN.
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Stability and efficiency data of the full cell.
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FIGURE 3.11: Post cycling ex-situ FESEM images of (a) fresh electrodes; (b) after 1st
cycle; and (c) after 100th cycle of Cu;_;NCosz_,/CuFeCo electrodes in the half cell
configuration.
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TABLE 3.1: Comparison table of capacity between perovskite and antiperovskite as an
anode material for Li-ion battery
Materials Initial DC CD First RC | Stable capacity | References
CozCuN 2200 mAh/g | 100 mA/g | 1150 mAh/g 710 mAh/g our Work
Perovskite
HoFeO3 597 mAh/g | 100 mA/g | 352 mAh/g | 120 mAh/g | [255]
Perovskite
Lig24Lag5003 | 550 mAh/g | 100 mA/g | 301 mAh/g | 1000 mAh/g |  [256]
Perovskite
PbTiO3 620 mAh/g | 44mA/g | 410 mAh/g | 70 mAh/g | [257]
Perovskite
PbZrO3 368 mAh/g | 3.87 mA/g | 291 mAh/g | 20mAh/g |  [257]
Perovskite
CsPbBr; 376 mAh/g | 30 mA/g | 376 mAh/g | 10 mAh/g | [258, 259
Perovskite
CsPbl; 151 mAh/g | 40mA/g | 150 mAh/g | 100 mAh/g | [260]
Perovskite
SrvVOs 551 mAh/g | 2A/g | 347mAh/g | 2500 mAh/g | [261]
Perovskite
CaMnOj3 708 mAh/g | 100 mA/g | 208 mAh/g | 500 mAh/g | [262]
Perovskite
CsPbBrj 549 mAh/g | 45 mA/g | 480 mAh/g | 1500 mAh/g |  [263]
Perovskite
CsPbCrs 612 mAh/g | 50 mA/g | 310 mAh/g | 70 mAh/g | [264]
Perovskite
Fe3SnCQCNF | 1060 mAh/g [ 1A/g | 604 mAh/g | 1000 mAh/g | [4]
Antiperovskite
LigsLagsTi0s | 449 mAh/g | 2A/g | 229 mAh/g | 3000 mAh/g |  [265]
Perovskite
Cs4PbBrg 377 mAh/g | 45 mA/g | 94mAh/g | 100 mAh/g | [266]
Perovskite
CsyCuBry 800 mAh/g | 20 mA/g | 420 mAh/g | ~ mAh/g \ [267]
Perovskite
Ndo.9Mng.1 FeOs | 2550 mAh/g | 100 mA/g | 2400 mAh/g | 50 mAh/g | [268]
Perovskite
SmFeO3 450 mAh/g | 5mA/g | 300 mAh/g | 20mAh/g |  [269]
Perovskite
Co3ZnCQCNF | 1100 mAh/g [ 2 A/g | 800 mAh/g | 1500 mAh/g | [229]
Antiperovskite
SrSnO; 714 mAh/g | 50 mA/g | 260 mAh/g | 50 mAh/g | [270]
Perovskite
CaSnO3 457 mAh/g | 60 mA/g | 380 mAh/g | 45mAh/g |  [271]

Perovskite
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3.5 Conclusions

Designing a new high capacitive antiperovskite material for alkali ions battery is an
open problem. Here we report very first time a new strategies to boost the reversible
capacity via surface modification of an antiperovskite that delivers better performance
as compared to the pure antiperovskite material (CogCulN). 3D nitride antiperovskite
Co3zCuN as an anode material provides a reversible capacity of ~408 mAhg-1 at 0.1
A/g current density. After modifying the surface of pure CogCuN delivers a very high
reversible capacity of ~1150 mAh/g at the same current density of 0.1 A /g which is more
than twice as compared to the pure material. The full cell with a NMC-532 cathode
delivered a high reversible capacity of ~500 mAhg-1 with a very good stability 50 cycles
with more than 50 capacity retention. Thus Co3CulN with surface modification showed
an excellent Li-storage performance as a new and efficient material that can be improved
further. We believe that this work will open up various new possibilities to focus on 3D

antiperovskite nitride systems to be explored in the field of energy storage.



Chapter 4

Growth and Properties of Epitaxial Heterostructure of
Antiperovskite and Perovskite Using Pulsed Laser
Deposition (PLD)

Abstract

Designing and growing the antiperovskite and perovskite heterostructure and exploring
the corresponding interface properties is an interesting but challenging task due to their
complex structural surface phase(s) and dissimilar chemical character. Herein, we report
the growth of epitaxial heterostructure interface of magnetic intermetallic antiperovskite
nitride Co3CulN (CCN) on the non-magnetic insulating metal oxide single crystal sub-
strate of LaAlO3 (LAO) by using the physical thin film deposition technique of Pulsed
Laser deposition or PLD. PLD is a well-known method of film growth in the field of
oxide epitaxy because of its natural strength of true stoichiometry transfer from a single
sintered target to the film. Its applicability to the growth of an intermetallic like CCN

entails an optimization effort.
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4.1 Introduction

Interfaces and interface systems are ubiquitous in nature and are a cornerstone of most
advanced device systems. A significant amount of fundamental science that has em-
anated during the past few decades revolves under the peculiarities of the novel interface
phenomena. The interface-driven devices are in regular use in a number of device con-
cepts such as mobile phones, laptops, smartwatches, flexible devices, solar cells, LEDs,
batteries, sensor devices, etc. Understanding the physics and chemistry of interface sys-
tems in heterostructures of interesting materials partners is therefore scientifically inter-
esting and technologically important. All the physical and chemical interactions (Van
der Walls and Coulumb) play a major role in defining the properties of heterostructures.
All these opportunities afforded by the exciting properties and phenomena of interface
systems motivated us to design a new heterostructure interface by using two different
types of crystal systems namely the standard perovskite and the relatively less explored

antiperovskite.

Heterostructure interfaces between two different materials represent, in most cases, a
discontinuity of structural and chemical properties and by implication lead to the emer-
gence of exciting new physical phenomena. Indeed, interfaces have played a huge role in
all the emerging phenomena and technological applications in recent times. In particular,
complex oxide-based heterostructures have already shown their utility of applicability in
different fields of science and technology [272-274] Achieving the desired heterostructure
functionalities [275] at the interface is quite challenging due to the presence of different

factors like geometrical and chemical strains, compatibility, adaptability [272-274], etc.

As stated earlier in the introduction, the antiperovskite materials mostly behave as inter-
metallic compounds because the positions of cations and anions are interchanged vis a vis
the standard perovskite structure (space group Pm3m, no. 221) [27]. Many intriguing
properties have been encountered in antiperovskite materials like their perovskite coun-
terparts such as topological electronic behavior, magneto volume effect, itinerant antifer-
romagnetism, superconductivity, giant magnetoresistance, etc [43, 73, 85, 87, 104, 276—
278]. Due to the presence of the strong spin-lattice coupling in most nitride antiper-
ovskite materials, (X3NA; X: TM; A: semiconducting or metallic elements) these have
attracted great attention due to their active engagement with the external perturbations

like temperature, pressure, and magnetic field [42, 73, 278-283]

With different crystal facet-related chemical and geometrical effects, it is possible to
tune the physical properties of the antiperovskite materials (e.g. nitride one in the
present case, X3NA) after the successful realization of the epitaxial thin film along with

different crystallographic directions. In particular, the growth of epitaxial thin film of
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nitride antiperovskite (X3NA) on the single crystal oxide perovskite substrates of the
form ABOj3 could be of great interest in tuning and extracting novel physical properties
for multifunctional device applications. Therefore, herein we set out to design and grow
a heterointerface between the antiperovskite nitride of Co3CulN and a perovskite oxide of
LaAlOg along the (001) direction using the physical vapor deposition technique of pulsed
laser deposition (PLD) [42, 279-283] that has already been successful in the metal oxide
perovskite domain. We decided to optimize the antiperovskite growth based on the same
PLD technique so that this work could be further extended to multilayer growth using

the two types of targets in situ in the same chamber even without breaking the vaccum.

In order to explore the antiperovskite/perovskite hetero-interface, it is first necessary to
understand the different structures of the facets such as (001), (110), and (111) of both
the perovskite oxide (ABO3) and antiperovskite nitride (X3NA) to evaluate whether the
heterostructure is technically feasible along one or all of these directions. As shown in
Figure 4.1, in the unit cell of X3gNA antiperovskite and that of ABO3 perovskite the

positions of cation and anion are reversed[42, 275].

(b)
X3NA .
Antiperovskite

ABO,
Perovskite

Qo-
A B O

BO,

BO,

FIGURE 4.1: (a) Bulk and (b) surface structure of corresponding antiperovskite and
perovskite.

To understand the surface chemistry at the interface of nitride antiperovskite and ox-
ide perovskite it is necessary to know all possible surface terminations along (001) as
shown in Figure4.1(b). The fundamental differences between their anion and cation po-
sition separate them from the perovskite-perovskite and antiperovskite-antiperovskite
interfaces and help us to design a functional interface between the X3NA and ABOj
materials with novel properties that cannot be attained in the interfaces between two

perovskites or two antiperovskites.

In the unit cell of normal perovskite structure ABO3, we see two possible surface ter-

mination AO and BOs, and these cation-anion layers arrange alternatively along the
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(001) direction. Similarly, for nitride antiperovskite of X3NA, we can see the XA and
X2N alternating layers along the (001) direction (Figure 4.1(b)). It is noted that when
the interface is formed between two oxide perovskite of ABOs and A;B103 then only
two interface configurations are possible, namely A1O/BOy and B;03/AO respectively
[275]. Using the same analogy, for the two antiperovskites of X3NA and X’sNA’ only two
stable interface configurations are possible, namely X’A/XsN and X’;N/XA. However,
till now the experimental realization of the latter is not achieved, because as of now all
the antiperovskite are polycrystalline [4] and no single-crystal antiperovskite is observed
[275].

FIGURE 4.2: Four possible hetero-interface between antiperovskite and perovskite: (a)

Figure 4.2(a-d) illustrates that a total of four heterostructure interface systems are
possible between X3NA antiperovskite and ABOgs perovskite material and these are
XA/AO,X9N/AO, XA/BOg, and X9N/BOy, respectively. Now the beauty of these four
different interfaces becomes clear when the chemical bonding between them comes into
the picture. In most of the oxide perovskite, an ionic bond is present whereas in an
antiperovskite metallic and covalent bonds are observed. So hybridization will occur
between them at the interface and this will facilitate different functionalities which could
lead to the field of device and technological applications which is not easily achievable in
conventional oxide/oxide interface. It can also open up a new path for developing novel

behavior associated with peculiar interface-borne phenomena [272-274].

In our study, we have chosen Co3zCuN, a nitride antiperovskite material, which is a
3D intermetallic and highly conducting ferromagnetic material [284] whereas LaAlO3
is a single crystal highly insulating non-magnetic material with a bandgap of 6.3 eV

[285, 286]. From the above properties of these two materials, it could be inferred that the
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corresponding interface can have interesting attributes of the metal-insulator character

as well as the magnetic-nonmagnetic intermediate character.

Structural details of the nitride antiperovskite Co3CulN: 4.3 illustrates the bulk
and the surface (001) structure of the CCN. In the bulk structure of CCN, the Cu atom
is located at the corner, the Co atom is located at the face center, and the N atom is
located at the body center with an atomic ratio of 3:1:1. The surface along the (001)
direction of CCN is shown in Figure 4.3 (a) and (b), with two possible terminations as

CuCo and CosN, respectively.

Structural details of the oxide perovskite LaAlOj: The bulk and surface struc-
tures of the single crystal oxide perovskite of LaAlOs (LAO) are presented in Figure
4.4. In the bulk, the O atom is located at the face center, the La atom is located at the
corner, and the Al atom is located at the body center. These differences highlight the
electronic character inversion between perovskite and antiperovskite. Along the (001)
direction, AlO and LaO terminations are present, as shown in Figure 4.4(a-b). It is
reported that AlOs termination is more favorable as compared to the LaO termination
due to the higher surface energy of AlOy (2.41 ¢V/A? ) as compared to LaO (0.14 ¢V /A2
) [287-289].

Surface
(001)
Bulk A
CuCo
Termination
VO a% Co,NCu
l‘lb\. Antiperovskite
1 ‘ s 00
“or° 000
. ‘# Co N Cu

FIGURE 4.3: Bulk and surface (001) structure of CosCuN (a-d).

The construction of epitaxial thin film depends on the crystal lattice parameter of the
substrate (LaAlO3) and the film (CogCuN). The lattice mismatch between the film and
substrate creates compressive and tensile strain in the system and this strain plays a
tremendous role in the emerging functionalities of the interface material. Herein, we
have chosen LaAlOgs, a cubic nonconducting single crystal oxide perovskite of lattice
constant 3.78A as a substrate and the corresponding lattice constant of the film Co3CuN
is 3.75A, which is conducting ferromagnetic material, both the lattice constants being
compatible for the growth of the epitaxial thin film. The synthesis protocol for the
Co3CulN antiperovskite compound and its physical deposition by PLD are discussed

below.
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FIGURE 4.4: Bulk and surface (001) structure of LaAlO3 (a-b).

4.2 Experimental Sections

4.2.1 Synthesis of Target Material Co3CuN (CCN)

The hydrothermal method was used to synthesize the antiperovskite nitride CozCulN.
In a typical synthesis, 1.5 mmol cobalt acetate, 0.5 mmol copper acetate, and 4 mmol
HMT were dissolved in 50 mL deionized water and mixed it properly. The mixture was
then transferred into a 100 mL Teflon-lined autoclave and then heated at 120°C for
12 h. After cooling down to room temperature, the precipitate was collected through
centrifugation (1000 rpm for 15 minutes) and washed with deionized water and ethanol
3 to 4 times. The collected product was dried in a vacuum oven at 80°C overnight. The
dried product was then ground well and calcined at 420°C for 4 h under NH3 atmosphere
in a tube furnace. After cooling down to room temperature, the furnace atmosphere
was replaced with N9 flow. The final product was collected for further characterization.
To obtain a large amount (several grams) of CCN to make a PLD target we synthesized
this material in many cycles and we were able to get a pure phase of CCN every single
time. This signifies the reproducibility of the process and the high stoichiometric quality
of the target material. After that, we made a pallet of 13 mm (millimeter) diameter by

applying 8-ton pressure.

4.2.2 Structural Characterization of Target Material Co3CuN (CCN)

The XRD pattern of the target material is presented in Figure4.5(a) and the sharp peak
in the PXRD patterns reveals the pure and single-phase character of the CogCuN. All the
peak positions and corresponding planes are indicated in Figure 4.5(a) which are well-

matched with the earlier reported [126] PXRD pattern. To understand the morphology
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of the sample we recorded SEM images which are presented in Figure 4.5(b) which
suggest that CogCulN has both types of morphologies present, particle-like, and rod-like.
This morphology was further clarified by HRTEM images presented in Figure4.5(c). The
FFT image implies the (111) planes with a lattice spacing of 0.22A (Figure 4.5d) and we
obtain experimental lattice parameter 3.75A using the Bragg’s law (2dsinf = n\) which
matches well with the reported lattice parameter 3.74A (Figure 4.5(d)). The elemental
mapping of bulk CCN is presented in Figure4.6(b) which implies the uniformity of the
material and Figure 4.6(a) represents the EDX of the pure phase CCN which tells the

exact stoichiometry of the material.
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FIGURE 4.5: (a) XRD of CozCuN (b) SEM image (c-d) HRTEM image (e) Optimized
CO3CHN.
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FIGURE 4.6: (a) EDAX analysis; (b) Elemental mapping of CozCulN.
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4.2.3 Fabrication of Co3CulN thin Film Using PLD

The CozCuN (CCN) thin films were grown on the surface of LaAlO3z (LAO) along (001)
direction by using the pulse excimer laser deposition (PLD) technique: the UV laser
parameters being (KrF laser, wavelength A = 248 nm). We deposited the films in an
Ny atmosphere and the corresponding growth condition for the deposition of the nitride
antiperovskite (CCN) film on LAO (001) were: growth temperature 500°C, laser energy
density 3.5 J/cm?, pulse repetition rate 5Hz, and the nitrogen pressure of 100 mTorr.
The distance between the substrate and target was 40 nm. After growth, the system

was cooled to room temperature in the presence of the same Ny pressure.

After growth the system was cooled till room temparature in the presence of same No

pressure.

Pulsed Laser Deposition (PLD) Process

Many methods are there to grow the epitaxial thin film in the laboratory such as pulsed
laser deposition (PLD), Molecular beam epitaxy (MBE), Chemical solution deposition
(CSD), etc. In the thin-film community, all the above processes have equal importance.
First Dijkkamp et al. [290] synthesized epitaxial thin film in 1986 using pulsed laser
deposition (PLD) technique since then PLD become more popular in thin-film material
society. After that, most of the oxide thin film deposition PLD technique has commonly
been used [291-294]. The figure 4.7 illustrates the schematic representation of the PLD
process. In the thin film deposition process, the thin film material which is known as the
target material is made by laboratory process or collected from the commercial market.
The target material is then processed through heat treatment and made in different sizes
of pallets, 25 mm, 13 mm, etc. Thin film is deposited in a high vacuum PLD chamber
(107 MBR). The target material mounts through a rotating holder and ablates the
target material with a laser pulse of a certain wavelength (KrF laser of wavelength A=
248 nm). During ablation by laser on the target material, it produces a highly energetic
beam which is called plumed and this plumed is a mixture of ions, atoms, and molecules
deposited on the surface of the substrate which placed at a distance 40 to 50 mm from
the target material. The substrate mounted on the substrate holder which connected
with a heater. Depending on the material property like oxide, nitride, and others the
PLD chamber is filled with gas like Os N, Argon, NHs, etc with required deposition
pressure by control way. The plumed interact with the substrate material with many
different growth conditions like gas pressure, temperature, laser energy, laser spot, etc.
By tuning these growth conditions one could able to grow high-quality thin film using
PLD.
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FIGURE 4.7: Schematic of PLD processes
4.2.4 Structural Characterization of Co;CuN thin film

To understand the growth of the film phase and its quality we recorded the x-ray diffrac-
tion (XRD) data of the film presented in Figure 4.8(a). It signifies that film is grown
along the (001) direction (with 001 and 002 signatures) mimicking the LAO substrate,
at the 20 positions of 23.94° and 48.91° closer to the shoulder peaks of the LAO sub-
strate at 23.73° and 48.62° (Figure 4.8(b-c)). The positions of the CCN thin-film peak(s)
on the LAO substrate match well with earlier reported XRD data by Zhenzhen et al.
where they deposited the film through the chemical vapor deposition technique [284].
It is for the first time, that we can grow the CCN film on the single crystal substrate
LAO through a physical deposition technique using PLD, which is important for its
easy functional integration with other metal oxide systems which can be grown very
well by PLD. The SEM and EDX images presented in Figures 4.9(a, ¢) show that the
film stoichiometry is properly maintained (3:1:1) (Figure 4.9(c)) and the AFM image
shows the smoothness and uniformity of the film (Figure 4.9(b)). We have grown ~ 40
nm thin film on LAO substrate shown in Figure 4.10 and the thickness measured by

cross-sectional SEM imaging method.
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FIGURE 4.8: (a~c) Thin film XRD of CozCuN.
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FIGURE 4.9: SEM EDX and AFM image of the thin film of Coz3CuN.
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FIGURE 4.10: Thickness of CCN film ~ 40 nm.
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4.3 Resuts and Discussion

Figure4.8(a) illustrates that no extra phases are observed suggesting the purity of the
phase. Both CCN (001) and CCN (002) diffraction peaks are observed along with the
substrate peak. The CCN(002) diffraction peak is weak which could be attributed to
the effect of the structure (strain) or atomic scattering factor [49, 54, 154, 295-297]. It
has also been verified that Mn, Fe, and Co-based thin film of antiperovskite also shows

weak peak intensity [298-300].

4.3.1 XRD analysis of the CCN thin film

The relative strain arises in the epitaxial heterostructure thin film, which depends on
the corresponding lattice constants of the substrate and the film. The relative strain

can be calculated using the formula given below [301].

as —af

(4.1)
ar

€=
Where € denotes the strain of the system a; (LAO) and ay (CCN) denotes the substrate
and film lattice constants respectively. Generally, two types of strain are observed in
epitaxial heterostructure thin film and these being tensile and compressive strain[301].
The +Ve and -Ve values of € the decide the tensile and compressive nature of the system
and all these strains could be realized by noting the right or left shift of the XRD peak
position [301].

Herein, for the nitride antiperovskite (CCN) and oxide perovskite (LAQO) epitaxial het-
erostructure (CCN/LAO) thin-film the relative strain is +1.1 % ( considering the exper-
imental lattice constant of the substrate ar 4o is 3.79A and acon is 3.75A) which is
a tensile strain as the substrate lattice constant is larger than the film lattice constant
(apa0 > accn). This in-plane tensile strain compresses the c-axis and reducing the cor-
responding d-value. This causes a right shift of the peaks (increasing 26). Figure 4.11
indeed illustrates the right shift of the XRD peak of the CCN/LAO epitaxial thin film.
The XRD peak position of the 001 planes of pure LAO substrate is at 23.73° which gets
right-shifted at 23.94° after the film is formed suggesting the tensile strain generated
in the system. This happens purely due to the in-plane (Figure 4.2) strong interaction
between the atoms at the interface [301, 302]. The presence of dangling bonds at the top
of the surface of both the substrate and film always try to minimize their charge neu-
trality and these phenomena assists to produce an interaction between the atoms which

create strain and introduce new physics and chemistry with different bond lengths and
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bond angles at the interface. These leads to exciting emergent functional properties in

the system[301].
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FIGURE 4.11: Shifting of XRD peak of CCN film on LAO substrate.

4.3.2 Raman Spectroscopy Analysis of the CCN thin film

The Raman spectrum of the bulk CogCulN (CCN), pure substrate LAO and the epitaxial
film CCN/LAO were recorded to understand the presence of different vibrational modes
and relative strain in the system. The figure 4.12 illustrates the corresponding Raman
spectra of all three systems. For CCN we observed the vibrational modes of Co-N bonds
at 470 em ™! (E,), 517 em™! (Fg,) and 674 cm™! (A;,). Till now, CCN has no scientific
report based on the Raman spectrum but the structure of CCN could be correlated with
Co4N material for which similar Raman modes are present [303]. At lower frequency we
observed vibrational mode for Cu-Co at 188 cm™! [304]. Since all the modes of CCN
attributed the crystallinity similar to Co4N [303, 305].

We separately plotted the Raman spectrum for LAO substrate ( Figure 4.12 block curve)

as a reference and all the corresponding vibrational frequency modes of LAO (001)
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FIGURE 4.12: The Raman spectrum of Bulk CCN, LAO substrate and CCN film

substrate seen at 480 cm™!, 523 ecm™! (E,) and 691 cm™! (Ag,) matches well with the

earlier reported Raman spectram [306].

It has been observed that the thin film Raman spectra of CCN ( Figure 4.12 red curve)
shifted as compared to the bulk CCN. The major peaks seem to be dominated by the
LAO substrate as expected, but a mismatch is present between the Raman spectrum of
film and substrate at lower and higher frequencies. Figure 4.13 presents the mismatch
between the film and substrate which is attributed to the presence of strain in the
system. At lower frequencies of the film, the vibrational modes correspond to metal-
oxide bonds as shown in Figure 4.12, suggesting the presence of Co-O and Cu-O bond
vibrations [307, 308]. At 602 cm™! (A;-TO) AL-N vibrational mode is present with a
small intensity. [309, 310].All the Raman spectra signify the bond formation between

atoms at the interface of nitride antiperovskite and perovskite.
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FIGURE 4.13: The Raman spectrum overlap of LAO substrate and CCN film

4.3.3 XPS Analysis of the bulk and thin film of CCN

The XPS spectra of Co 2p, Cu 2p, and N 1s are presented in the Figure 7?7 The binding
energy (B.E.) of Co 780.0 eV-781.5 eV (Figure ?? a) corresponds to the Co-N suggesting
the hybridization between the Co 3d and N 2p orbitals due to the atomic position of Co
(face center) and N (body center) in the unit cell of CogCuN [49, 284, 303, 311]. The B.E.
of 932.4 eV in Figure 4.14(b) signifies the Cu-N bonding which implies the hybridization
between the Cu 3d and N 2p orbitals as discussed earlier in the Mn3.6Cu0.4N system
[312, 313]. The N 1s spectra (Figure 77 c) shows a peak at 398.5 signifies the hybridized
between Co (Cu) 3d with N 2p which could be attributed to the diverse covalency of
the system [284]. Another peak at B. E. of 398 eV is attributed because of the residual
surface contaminants which harmonize with the published work by Hui et al. [284, 314].
We also recorded the XPS spectra of the bulk CCN target and the corresponding data
are presented in Figure 4.15. It can be seen that all the XPS spectra match well with
thin-film spectra suggesting the pure and stoichiometric phase formation in the CCN
thin film.
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FIGURE 4.14: XPS spectra of the CCN thin film (a) Co 2p , (b) Cu 2p and (c) N 1s.
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FIGURE 4.15: XPS spectra of the bulk CCN (a) Co 2p , (b) Cu 2p and (c¢) N 1s.
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4.3.4 Resistance vs Temperature (RT) Plot

We have performed temperature-dependent resistance measurement using four-probe
inside a close cycle refrigerator (CCR) ( Current source: Keithley 6221 AC and DC). The
figure 4.16 illustrates the R vs T plot of the CCN film on the LAO (001) substrate and
it shows excellent conducting nature. At low temperature of 10K and room temperature
(300K) the resistance of the CCN film is 68.6 ohm and 134 ohms respectively. From the
theoretical study by Hui et al. [49, 284] it is observed that the presence of the finite
number of states at the Fermi level (Er) in the density of states (DOS) where Co 3d
orbital contributes more and the hybridization (see Figure 4.14 b and c) between the

(Cu) Co 3d and N 2p orbitals play important role in the conducting nature of the film.
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FIGURE 4.16: Resistance vs Temperature or RT plot.

All the experimental characterization of the CCN film on the LAO substrate provide the
information abouts its phase formation and it stability. Quintela et al.[275] predicted
that XoN/BOy (see Figure 4.2b) interface is energetically more favored where they have
discussed the result based on Mn3GaN/LaAlO3 system which is very much similar to
our system Co3CulN/LaAlOs. They have proposed that due to the similarities between

the Wyckoff position of anion and cation of antiperovskite and perovskite the coulombic
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and Van der walls interaction between the atom at the interface plays a significant role
to stabilize the system (Figure 4.2(a~-d)). Multiple bond-building at the interface of
nitride antiperovskite and oxide perovskite could trigger many properties and exciting
functionalities such as large magnetoresistance, Nernst effect, spin transfer, and Hall
effect spintronics devices, etc [315-319]. We are seeking the experimental realization
and application of the above properties and many other properties with this new class
of epitaxial heterointerface material between two chemically inverted structures of oxide

perovskite and nitride antiperovskite.

4.4 Conclusions

Designing a single crystal antiperovskite material film is an extremely important task
for exploring real high-tech applications of this interesting intermetallic material. In
our study, we have attempted to grow the epitaxial heterostructure interface between
the nitride antiperovskite (Co3CuN) and oxide perovskite (LaAlO3z) with a physical
deposition technique of PLD. The presence of electronic elemental inversion of these
two materials at the interface could allow the tuning and control of their properties
and could help in multiple applications. The conducting nature of the film shows its
electronic transport characteristic. We belive that with successful growth of epitaxial
thin film of this CCN antiperovskite on the single crystal oxide perovskite LAO could

open new and exciting avenues for future material design.



Summary and Future Outlook

Thesis Summary

In the thesis, my whole study focused on ”Antiperovskite” based material, especially
carbide and nitride antiperovskite. Antiperovskite is a twin brother of perovskite ma-
terial because of the electronic inversion of the atomic positions. It is well a fact that
Perovskite dominates in every domain of science and technology over the last 20 to 30
years. The chemical and structural flexibility of the perovskite help to rule the material
world. Now the time come for antiperovskite to rule the world but it’s challenging. In
our study, we have shown the different applications of carbide and nitride antiperovskite.
In carbide antiperovskite, we have discussed how electrochemical lithiation can control
the magnetic spin polarization in the system. In nitride antiperovskite, we are the first
to design high-capacity anode material for Li-ion batteries by constructing the core-shell
of the nitride material. Our next work is also based on nitride antiperovskite material
here we have discussed the growth and properties of epitaxial heterostructure thin film
of nitride antiperovskite on perovskite using pulsed laser deposition (PLD) technique.

The outcome of my study about antiperovskite material discusses below.

My first study on the 3D carbide antiperovskite material and it is combined theoreti-
cal and experimental study, we introduce the concept of iono-spintronics or Spintronic
Battery wherein the accumulation and de-accumulation of Li-ion in the antiperovskite
Fe3SnC anode of a Li-ion half-cell concurrently and reversibly stores charge and spin;
the latter mimicked by the experimental observation of non-monotonic changes in mag-
netization as a result of degree of lithiation, nominally depicted as (Liz—1_4Fe3SnC).
It is noted experimentally that lithiation leads to a biphasic system in this particular
case because of the affinity of Sn to form an alloy with Li. Thus with progressive lithia-
tion changes occur in the stoichiometries and properties of the two phases, namely the
Sn-Li alloy phase and lithiated or partially lithiated FesC phase. The computer (DFT)

calculations have been performed accordingly to account for these changes.

Given the structural and strain-related changes in magnetization upon lithiation and
its degree, and their connection to spin polarization outlined here, we believe that this
study would have broader and more interesting implications for a variety of structurally
interesting materials systems, not limited only to the anti-perovskite intermetallic case

discussed herein, wherein the structure-magnetism-spin polarization connection is acute.
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Also, the biphasic character encountered here may not occur in other systems wherein
selective preferred interaction, as that of Sn in the present case, is not a possibility.
With the rapid evolution of the fields such as the internet of things (IoT) a new breed of
low-power consuming spintronics devices with novel functionalities is desired. Towards
this end, effects such as concurrent storage of spins mediated by traditional battery

architecture described here could add an interesting dimension.

In the next study we have designing a new high capacitive antiperovskite material for
alkali ions battery which is an open problem. Here we report very first time a new strate-
gies to boost the reversible capacity via surface modification of an antiperovskite that
delivers better performance as compared to the pure antiperovskite material (CogCulN).
3D nitride antiperovskite Co3CulN as an anode material provides a reversible capacity of
~408 mAhg-1 at 0.1 A/g current density. After modifying the surface of pure CogCulN
delivers a very high reversible capacity of ~1150 mAh/g at the same current density
of 0.1 A/g which is more than twice as compared to the pure material. The full cell
with a NMC-532 cathode delivered a high reversible capacity of ~500 mAhg-1 with a
very good stability 50 cycles with more than 50 capacity retention. Thus CozCuN with
surface modification showed an excellent Li-storage performance as a new and efficient
material that can be improved further. We believe that this work will open up various
new possibilities to focus on 3D antiperovskite nitride systems to be explored in the field

of energy storage.

In the last chapter we have designing a single crystal antiperovskite material film is an ex-
tremely important task for exploring real high-tech applications of this interesting inter-
metallic material. In our study, we have attempted to grow the epitaxial heterostructure
interface between the nitride antiperovskite (CogCuN) and oxide perovskite (LaAlO3)
with a physical deposition technique of PLD. The presence of electronic elemental inver-
sion of these two materials at the interface could allow the tuning and control of their
properties and could help in multiple applications. The conducting nature of the film
shows its electronic transport characteristic. We belive that with successful growth of
epitaxial thin film of this CCN antiperovskite on the single crystal oxide perovskite LAO

could open new and exciting avenues for future material design.

Future Outlook

The structural beauty of the antiperovskite attracts great attention in the research
community. Working on antiperovskite material motivates us to further work on different
types of antiperovskite material like oxide antiperovskite, halide antiperovskite, etc.

Here we want to discuss a few future works on antiperovskite material.
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1. The electronic inversion of antiperovskite material could help to design a highly

efficient catalyst for water splitting, Cos reduction, etc.

2. Tuning the high concentration element present at the face center and corner of the
unit cell of antiperovskite could help to design multi-functional material for future

applications.
3. Desigining oxide antiperovskite and oxide perovskite epitaxial interface by PLD.

4. Study of magnetic spin polarization through electrochemical lithiation in commer-

cial cathode and anode material for Li-ion batteries.



Appendix A

Experimental and Battery Detalils

In this chapter, we have discussed about experimental and computational methodologies
employed in this thesis. First we have discussed about the experimental details and its
outline. Then we have showed the theoretical derivation of the Schrodinger equation

and Born-Oppenheimer approximation.

A.1 Experimental Details

In material science, synthesis is the most important step in solid-state chemistry research.
The samples may be prepared as a polycrystalline powder, single crystal, or thin film.
Glass and amorphous are from another class of materials. In this chapter, we will discuss
only the methods of synthesis of polycrystalline materials. The X-ray single crystal
method is generally used to discover and design new materials. Polycrystalline material
passes some difficulty in the determination of crystal structure. However, powder XRD
is excellent for polycrystalline materials. There are several methods to synthesize the
different crystal materials such as solid-state, hydrothermal, flux method, etc. Each
method is controlled by several controllable and/or uncontrollable parameters. The
parameter influences the obtaining of phase, morphology, and size of the crystal. Here,
in my thesis, I will discuss solid-state and hydrothermal synthesis. The experimental
and theoretical (DFT) method was used in my thesis which will be discussed in the
following sections. Where we will discuss the material synthesis methods and different
characterization techniques such as XRD, SEM, TEM, XPS, SQUID, PLD, etc. The
theoretical DFT calculations that have been performed to support the experimental

results will be discussed in very brief in the following sections.
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A.1.1 Synthesis Methods

There are various synthesis methods to synthesized the powder or polycrystalline sample.
Here in my thesis we discussed about two synthesis methods which are Hydrothermal and
vaccum sealed quartz tube methods and the details of these two methods has discussed

below.

A.1.1.1 Solid-state Method

The solid-state synthesis method is the simplest. The number of syntheses controlling the
parameters is small, but it is challenging to manage. This method is commonly used to
synthesize single crystals and polycrystalline powders of metals and monovalent cations
[]. Thermal effects play an essential role in crystallization during phase change, and it
is carried out in two stages: germination and growth. Germination begins at a point
where the phases remain unbalanced, a condition that can be favored by various factors,
such as crucible wall, impurity, and shapelessness. This step consists of ”germs” in the
reaction mixture. Growth occurs in several stages: atom reorganization, absorption on
solid surfaces, dispersion, and final settling of particles. Continuous layers, therefore,

converge on the face of the crystal, which sees its volume increase. [320, 321]
The solid-state synthesis can be done into two steps:

Preliminary treatment: The desired amount of precursor is weighed and then crushed
in an agate mortar in this step. The resulting powder is placed in a crucible or a porcelain
basket and preheated between 350 and 400°C for a few hours. This operation allows
the decomposition of the primary reagents and removes volatile products such as NHs,
NO3, COg, and H»O, leaving only oxides. The mixture is then placed in the ground
at the outlet of the oven so that it becomes more uniform and the grain size is smaller
[321].

Crystal growth: After the germination phase, and under the influence of the concen-
tration gradient, the cations are transferred to the germ, creating an orderly layer. This
transfer is favorable by heating to a very high temperature. After cooling, the crystals

are separated from the current by hot and sometimes boiling water.[320, 321]

The disadvantage of this method is that it is prolonged and requires a lot of energy. The
reaction occurs at high temperatures (500-2000°C) for several hours and at the same
time for several days. Heating at this temperature can cause the desired compound to
decompose. Experimentally, oxides and nitrates are harmful reagents in synthesizing

single crystals, and they often give small-sized crystals that are insufficient for X-ray
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Porcelain baskets Porcelain crucibles Muffle furnace

F1GURE A.1: Equipment used in solid-state synthesis

single-crystal scattering. Mechanical grinding can reduce grain size and increase the
specific surface, increasing the reaction. The cooling rate is crucial for obtaining a single
crystal with good crystals. The cooling rate should be as slow as possible, and the

crystallization temperature should be below 50°C[320, 321].

A.1.1.2 Hydrothermal and Sealed Glass Tube Method

Hydrothermal is an efficient chemical synthesis method used to synthesize single crystals,
polycrystalline substances, and nanoparticles of different sizes. Synthesis occurs inside
a closed autoclave with pressure and temperature. The hydrothermal method usually
occurs in water at temperatures between 180 and 300°C. The furnace can be an autoclave
(Fig. 2) or a sealed glass tube (Fig. 3). Several materials have been synthesized using
the hydrothermal method [320, 321].

The hydrothermal conditions of the aqueous medium correspond to temperatures and
pressures above 100°C and 1 bar, respectively. These conditions allow changing the
chemistry of the cation in a sufficient amount of solution. They favor the formation of
complex metastable structures of low symmetry and involve more minor changes in en-
thalpy and entropy than in the "normal” state. Hydrothermal conditions are also among
the geological processes during which many minerals were formed. In the laboratory,
such a situation is achieved by heating a solution in a closed enclosure (autoclave and
sealed glass tube) at 200-400°C.

The thermodynamic properties of water up to temperatures of 1000°C and pressures of
several tens of kilobars are well known. Quantitative data are collected in numerous

review articles. There are three essential points to remember[320, 321].

As the temperature increases, the water dielectric constant decreases. It is increased
by increasing the pressure. Therefore, hydrothermal solutions are characterized by low
dielectric constants and electrolytes that are entirely isolated under normal conditions
that preferably form pairs of ions or complexes with a common electrostatic charge[320,
321].
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FIGURE A.2: Autoclave

As the temperature rises, the viscosity of the water decreases, which leads to more

mobility of the dissolved species than average.

F1GURE A.3: Sealed glass tube

The ionic product of water increases strongly with temperature. Conductivity measure-

ment allows establishing the law of change of ionic product as a function of temperature.

Herein, my thesis work has focused on carbide and nitride antiperovskite materials.
For carbide Antiperovskite sealed glass tube method was used, the detailed synthesis
procedure discusses in chapter 3. On the other hand, for nitride antiperovskite we have
followed the hydrothermal synthesis method as this method helps to stabilize the unusual
oxidation state as this state is observed in all antiperovskite materials, in chapter 4 we

have discussed the synthesis protocol nitride antiperovskite.

Different experimental methods were used for different antiperovskite materials. For
carbide polycrystalline materials solid states synthesis approach was used. On the other
hand, nitride antiperovskite nanoparticles were synthesized using a hydrothermal pro-
cess. Several solid-state synthesis methods for synthesizing polycrystalline materials and

nanoparticle materials will be discussed in the following sections.

After synthesized all the materials we have put them for battery performance testing
(as anode or cathode) using battery tester befor that we need make the electrode and

assembled the cell which is discussed below.
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A.2 Fabrication of the Battery Coin Cell

The demand for rechargeable alkali ion batteries especially Li-ion batteries dominating
the worldwide commercial market. Day by day the usage and demand of high energy
density and long-life cycle batteries increases. From very small devices to very large
devices huge power sources are required in modern-day technology. To understand
the basic construction of any commercialized battery we first need to understand the
lab-scale construction of the battery such as constructions of a coin cell, pouch cell,
cylindrical cell, etc. In this following section, we will discuss the basic construction

protocol of a coin cell battery.

A.2.1 Protocol of Working Electrode Preparation

Many steps are invole for the battery electrode preparation. Here we will discussed the

steps required for the prepation of Li-ion battery electrode.

e Prepare a mixture of PVDF and NMP with the required proportion

e Weighing the active material, C black, the binder with desire ratio best on avail-

ability of the active materials.

e Mix the above weighing sample properly with NMP for 30 min to make a good

slurry.

e Make slurry coating uniformly on a metal foil (Copper for anode and aluminum
of cathode).

e Dry the coating in air or vacuum at 80 to 1000C overnight inside an oven.
e Hot press the coated metal foil between to steel plate.

e Punch the dried coated metal foil into discs of 8 mm in diameter and weigh these

discs.

A.2.2 Assembly of coin cell

e Keep electrolyte inside glovebox as LiPFg is photosensitive.

e Punch the lithium foil as a counter electrode of the same diameter as coated metal

foil electrode and keep it inside an argon glove box.

e Assemble the separator (celgard), coin cell cases, spring, and spacers into the

glovebox.
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e Place the working electrode after adding two drops of electrolyte into the cell cup.
Place the separators and add another three drops of electrolyte. Add two more
drops of electrolyte before adding a lithium counter electrode to it. After that

place two stainless steel spacers and a spring on the lithium disc.
e Close the cell using the cell cap and crimp using the compact crimping machine.

e The cell is ready for testing and can be taken out of the glovebox.

A.2.3 Testing of the Coin Cell

e Measure the open-circuit voltage (OCV) using a multi meter.

e Define the voltage window for testing the cell based on the active material used in

the working electrode.

e Calculate the theoretical capacity for the cell using the calculation shown below.

Weight of the electrode disc with the current collector = Wgp

Weight of the uncoated current collector disc of the same diameter = Weoe
Weight of the active electrode material Wgy = Wegp — Wee

Weight of the active material in the electrode Way, = Wgy x 0.8 (80% active
material)

The theoretical capacity of the electrode disc Cpp = Wapy x C

Where C is the theoretical specific capacity of the active material which is defined
as; C' = #53.6; Where n is the number of Li-ions that material can take, F =
Faraday’s constant = 96500 Cmol~!, M.W = Molecular weight of the electrode

material gmol .

e Test the coin cell with different C-rate during the charge-discharge cycle.



Appendix Fzxperimental and Battery Details 95

A.3 Electrochemical Energy Storage

A.3.1 Battery

A battery is a device that stores chemical energy, which is converted into electrical
energy during the discharge process[322]. The main components of the battery are
shown in the figureA.4. Unlike supercapacitors, batteries are entirely a Faraday device.
Charge storage takes place throughout the electrodes through oxidation and reduction.
This implies that batteries form bulk storage despite surface storage. Batteries have a
specific electrochemical potential where the Faraday reaction occurs through the transfer
of electrons. EDLCs exhibit capacitive behavior consistent with the absorption of ions on
the surface of the electrode, and time scales are in seconds. Pseudo-capacitors undergo
a Faraday reaction with interpolation, reflected in their charge-discharge. The battery
charging-discharging time scale varies from minutes to hours. The batteries have a
high power concentration and a specific potential window that can be tuned based on
the selected electrolyte. Battery power density can be increased by using high rate
power materials. There is also a wide range of battery operating possibilities. Aqueous
electrolyte-based batteries run up to 1.23 V because water splitting is thermally possible
outside of this. Using a non-aqueous battery, the potential window can be extended up
to 4V.

In this work, the electrochemical energy storage devices are the primary focus and hence
will be described more elaborately. The primary components of an electrochemical

energy storage device are:
Cathode: The positive electrode which undergoes reduction during the discharge process.
Anode: The negative electrode which undergoes oxidation during the discharge reaction.

Separator: A material that prevents cathode and anode to be in direct contact with

each other hence preventing the short circuiting of the half cells.

Electrolyte: A medium which facilitates ion flow from one direction to another. Based

on the type of device it can be aqueous, alkaline or organic.

The major electrochemical energy storage and conversion devices are capacitors, super-

capacitors, batteries and fuel cells.
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FIGURE A.4: Battery Components (From internet)
A.3.2 Capacitor

The conventional capacitors compose of two conducting plates separated by a dielectric
medium (e) with finite distance (d). This is called as the parallel plate configuration of

capacitors. The capacitance C is calculated by the following equation:

Capacitance C' = € X %

The A is the area of the plates and d is the distance between them. € is the permittivity
of the dielectric. The unit of the capacitance is Farad (F) and the typical capacitors for
general applications have the capacitance in the range of picofarad (pF) to millifarads
(mF). The capacitor stores the potential energy between the plates in terms of electric
energy. The process is non-Faradaic in nature. The capacitors have very high-power

density but very low energy density.
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A.3.3 Supercapacitor

A supercapacitor differs from a capacitor in terms of the amount of energy it can store.
Supercapacitors are known as ultracapacitors since they have high energy density and
capacity as compared to conventional capacitors [323, 324] A supercapacitor employs
porous carbon material as electrodes and stores charge electrostatically. The superca-
pacitors have high power density as the charge storage/release happens at very high
rates. The supercapacitors are employed in the applications where instant power is re-
quired. They are further classified into two types depending upon the charge storage
process, 1) Electrochemical Double Layer Capacitors (EDLCs) and 2) Pseudo capacitors.

Electrochemical Double Layer Capacitors (EDLCs): The EDLCs store charge in the elec-
tric double layer created at the electrode/electrolyte interface hence the name EDLC
[325]. These are highly stable and robust as no chemical reaction is involved in charge
storage. The energy storage in the electrical double layer capacitor (EDLC) takes place
by the charge separation at the interface between the electrolyte and electrode. The
electrolyte is usually aqueous solution of salts like HoSO4 or KOH. The charging and
discharging processes in the EDLC ideally involve no electron transfer across the elec-
trical double layer at the electrode/electrolyte interface. Thus they are non-Faradaic in
nature. EDLCs have remarkably long cycle life because of electrostatic charge storage

and absence of chemical reaction.

Pseudo capacitors: The pseudo capacitors are similar to EDLC except that they in-
volve redox process along with double layer for the charge storage [326]. Sometimes
intercalation also takes place in pseudo capacitors [322, 327].In pseudo capacitors, sur-
face confined redox reactions (Faradaic reactions) occur in the material. The electron
transfer in a pseudo-capacitive material brings a net charge into the material. This is
neutralized through the intercalation of ions of the opposite charge from the electrolyte
into the electrode. This is the reason why they are compared to batteries. However, the
difficulties for ion transport and substantial solid phase changes in pseudo capacitors

makes them inferior to the EDLCs in terms of power density.

A.3.4 Types of Batteries

Batteries are classified broadly on the basis of their function and life cycle. The two
categories into which batteries are divided majorly are 1) primary batteries and 2)

secondary batteries.
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A.3.4.1 Primary Batteries

These batteries have a fixed life span and can’t be recharged once their cycle life is
finished. They stop functioning once the chemicals are used up and the components

need to be replaced for further generation of electricity.

A.3.4.2 Secondary Batteries

Also popularly called as rechargeable batteries now, these batteries have a longer life
span and can be recharged over multiple cycles. The chemical processes taking place
in such batteries are reversible. There are various types of batteries have been used
earlier but due to their short comings many batteries had developed and these batteries
are: Baghdad Battery (250 B.C.), Voltaic Pile (1749), Daniel cell (1836), Lead Acid
Battery (1859), Leclanché Cell (1866), Zinc-carbon Cell (1886), Nickel-Cadmium (Ni-
Cd) Battery (1899), Na-Sulphur Battery (1967) andNickel-metal hydride Battery (1970).
Finally, we arrived with a new battery technology of Li ion battery in short it is called
as LIB.

Lithium (Li) ion Batteries: The Li ion battery era started in 1980 with the contribu-
tion of American scientist John B. Goodenough when he proposed a Li containing oxide
LiCoO2 (LCO) as a cathode material. Same year, Rachid Yazami from Morocco discov-
ered graphite anode with solid electrolyte [15, 16]. The first Li ion battery prototype
was built by Japan in 1985 and the Li ion battery commercialization was done by Sony
in 1991. Li ion batteries have electromotive force up to 3.6 V and are now commercially
used for large scale as well as small scale applications. Li polymer batteries were also
developed using a polymer or gel-based electrolyte to mitigate the issues associated with
the use of liquid electrolytes which are generally carbonates based and are flammable,

posing a threat to the safety of the device.

Since the non-aqueous rechargeable batteries are into the business, many other battery
chemistries are into the research. To increase the energy and power density of the
current Li ion battery technology, other technologies such as Li-Sulphur, Li-air batteries,
Li metal batteries, Li-COs batteries, Zn-air batteries, Redox-flow batteries are being
the topic of research and development[328]. These batteries are at the early stage of
development and it will take some time for them to come at par with Li ion battery
systems [329, 330]

As the Li reserves are known to be reserved in the earth’s crust, alternatives are being
hunted. Among them, Sodium (Na) ion batteries have already gained the attention

and are commercial [331, 332]. Along with these, Magnesium (Mg), Potassium (K) and
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Calcium (Ca) ion batteries are also being explored [193, 333, 334]. Nonetheless, being
heavier than Li, Na and other ion batteries would never be closer to Li ion batteries in
terms of energy and power density. Nevertheless, in large scale applications where weight
is not a concern, Na ion batteries have already flourished as a possible replacement to

Li ion batteries [335].
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