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ABSTRACT

Lithium Air (Li/O;) batteries are energy conversion devices that produce electricity
from the oxidation of lithium metal at the anode and the reduction of molecular
oxygen at the cathode. These batteries are considered as promising rechargeable cells
for high power applications due to their high power density ranging from 1000 to
2000 Wh/kg. However, one of the most significant challenges is the need to separate
the metallic lithium anode from any oxygen or water-containing environment while at
the same time allowing fast and efficient lithium ion transport through the electrolyte.
Therefore, lithium ion conducting materials that are water and CO; resistant are a
prerequisite.

Common materials used as anode protective films and/or Li" conducting
electrolytes for lithium air batteries are perovskite-type oxides (formula: ABO3).
Perovskites are good candidates for this application because of their versatility,
particularly in regards to ionic conductivity. In the present work, a low cost perovskite
family such as SFO (SmFeO3) is developed as a lithium ion conducting material by
the introduction of Li" into its lattice.

The perovskites have been synthesized using a solid-state reaction method
(SSR) and characterized using different techniques such as powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), energy dispersive X-ray Spectroscopy
(EDS) and electrochemical impedance spectroscopy (EIS). The synthesized
perovskites are based on samarium lithium ferrite and divided into two groups
depending on the formal presence of vacancies in the stoichiometric formula. The first
group (SLFO) with no formal vacancies has the stoichiometric formula of SmyLi;.
€02 (Where x = 0.1, 0.2, 0.3, 0.5 and 0.7). While the second group (SLFO*) was

generated with less metal atoms than specified in the perovskite structure, thereby

XVI



generating a structure with intrinsic vacancies and with the formula, SmLi([1-x]—[0.1]

or [0.2]) F€O3.5 (Where x = 0.3, 0.4, 0.5 and 0.6). Finally, the effect of varying Li and

Sm concentrations in both groups and vacancies created in the lattice for the second

group, on the ionic conductivity is explored.
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THESIS OUTLINE

The thesis is divided into six chapters:

* Chapter 1 introduces the perovskite type oxide materials having the general
formula ABOs. It also gives a brief description of the work carried out in the
present study.

* Chapter 2 gives an introduction to the lithium-air batteries and an extensive
literature review on its primary components, which are anode, electrolyte, and
cathode.

* Chapter 3 focuses on the experimental consideration for the lithium perovskites,
the synthesis method and the characterization techniques used to analyze the
samples.

* Chapter 4 describes the results obtained for the first group of the lithium
samarium iron oxides SmyLi; xFeO, (where x = 0.1, 0.2, 0.3, 0.5 and 0.7). In
addition, it discuses the effect of amount of lithium ions added to perovskite
lattice on the ionic conductivity of the synthesized perovskites.

* Chapter 5 contains the results and the discussion for the second group of the

lithium samarium iron oxides Smx)Li([1-x] - [0.1] or [0.2]) F€O35 (Where x = 0.3, 0.4,

0.5 and 0.6). Moreover, it explains the impact of using different amounts of
lithium ions and corresponding vacancies on the lithium ionic conductivity for
these perovskites.

* Chapter 6 presents the conclusions of the present study and proposes some

developments for future work on the Li-perovskites.
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Chapter 1

Introduction

1. 1 Thesis objective:

The goal of the present work is to study the synthesis and characterization of new
perovskite materials that are cost-effective and highly lithium ionic conducting. Such
materials can be used as a protective layer on the lithium metal surface in the
rechargeable non-aqueous lithium air batteries. The reason to use this layer is to
protect the lithium metal from the unwanted reactions and the dendrites inside the
non—aqueous electrolyte.

To achieve this goal, perovskite oxides (ABQO3) were chosen for this work due
to their tunability for ionic and electronic conductivity. For this, lithium ions were
inserted into the lattice of the samarium ferrite family SmFeO; (SFO) to get high
lithium ionic conductivity. Ten synthesized perovskites were divided into two groups
and each group contains five Li perovskites. The perovskites in the first group were
synthesized using different amount of Li and Sm ions at the A-site, with formula
SmyyLij;FeOzx (SLFO) where (x= 0.1, 0.2, 0.3, 0.5 and 0.7). While the
perovskites in the second group were prepared in the same way as the first group
perovskites, however, additional vacancies were created at the A-site of the
perovskite, following this formula Smyy Lii-x - 0.1 orf0.2)) F€O3-5 (SLFO¥*) where (x=
0.3,0.4, 0.5 and 0.6).

This task comprises the following stages:
* Synthesis and characterization of new low cost SmFeO; perovskite family by

inserting Li ions into the perovskite lattice.



* Study the impact of lithium ion amount that is inserted into the perovskite lattice
on the lithium ionic conductivity of the perovskites.

e Study the effect of number of vacancies added to the A-site that increase the
lithium ionic conductivity in the perovskites.

The remaining of this chapter and the next will review the literature pertinent to the

project. The aim is not to list the extensive number of studies regarding perovskites,

but rather to focus on previous work that helps discuss and clarify the present thesis

work.

1. 2 Perovskites:

1. 2. 1. Definition and Historical Background:

Perovskites are the series of compounds that have the same crystal structures as the
mineral perovskite CaTiOs; and have a general formula of ABOs;. Gustav Rose
discovered the first perovskite in 1839, which was later named after the Russian
mineralogist Lev A. Perowski !'!. The perovskite structure has been widely studied
because altering the constituent elements at the A and/or B sites greatly influences its
physical and electronic properties. In addition, perovskite materials further exhibit
more properties like ferromagnetism, magneto-resistance, super conductivity and
ionic conductivity, which are crucial parameters in designing innovative technologies
1 However, the structures of perovskite-type oxide materials were not well
characterised before the 1980’s 1!, Later on, many theoretical and experimental works
have been performed to understand the structure and properties of perovskites
containing oxygen vacancies and/or cations with mixed valencies. These studies were

focused on improving the ionic and electronic properties of the perovskite materials

that are very important for many different applications such as batteries, solid oxide



(.31 Moreover, the essential properties of

fuel cells (SOFCs) and oxygen sensors
perovskites are strongly related to subtle structural variations. For instance, varying
the degree of octahedral orientation in a perovskite changes the extent of orbital

overlap through the BOs octahedral network. This slight change highly affects its

electronic properties such as conductivity, magnetism and certain dielectric properties
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1. 2. 2. The Crystal Structure of the Perovskites:

In an ideal cubic-symmetry structure, the A cations are at the corners of the cube and
correspond to cations with a large ionic radius, such as Ca, Sr, Ba or Ln (rare-earth
element). These cations are connected to 12 oxygen atoms, which are at the face
center position of the lattice. While the B position is occupied by small transition-
metal elements in 6-fold coordination and appear at the center of the cube with the
oxygen ions forming a corner sharing octahedral network BOg, as shown in (figure 1.

1),

9

" (a) (b)

Figurel. 1: “The ideal cubic structure of the ABO; perovskite oxides, (a) is the lattice

and (b) is the polyhedral”, adapted from reference [5].



The perovskite compounds have attracted attention in the last five decades
since they can accommodate almost all the elements in the periodic table. The
elements in perovskite structures can be selected in a flexible manner, from numerous
types and with different concentrations. In addition, it is possible to have a variety of
perovskite compounds by the partial substitution of cations at A and B sites, which
can be obtained with the formula (A;«A*Bi.yB*,0O3.5). This substitution can improve
the ionic and/or the electronic conductivity of the perovskite °. The perovskite
structure is also affected by the relative oxidation states of the A and B site cations as

shown in (table 1. 1).

Table 1. 1: The relative oxidation state (ROS) of A and B cations in the perovskite
and some examples.

ROS of A and B cations Examples
Al*B5*0, NaW 0,
A?*B* 04 SrTiO; / BaFeO,
A3*B3t0, LaTiO; /| SmFeOy

Additionally, the radius of the cation inserted in the A and/or B sites can
change the ideal cubic structure to smaller or larger symmetry. This relationship can

be described according to the Goldschmidt’s tolerance factor, which is an indicator

for the stability and the distortion of the crystal structures, equation (1. 1) "),

rat+ro

= FErgrre) a.mn

Where ¢ is the tolerance factor, 14 is the ionic radius of the A-site, rpis the ionic
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radius of the B-site and 7, is the ionic radius of oxygen ion. By calculating the
tolerance factor, it is possible to determine the stability of the perovskite structure.
The perovskite having ¢ values in the range 0.75 to 1.0 shows that the perovskite
structure is stable. For t values less than 0.75, the distorted perovskite is unstable and
A ion needs a smaller site while with values above than 1, B ion requires a smaller
site. Moreover, the ideal cubic structure of the perovskite exists when 7 is from 0.9 to
1.0. The perovskite structure changes to orthorhombic symmetry as the tolerance
factor decreases from 0.9 and to tetragonal or hexagonal shape as it increases beyond

the value of 1.0 ",

1. 2. 3. The Ionic Conduction in Perovskites:

1. 2. 3. 1. Defects:

The ionic conduction of a solid material is defined as the transportation of ions
through the material. In perovskites, the ions are arranged tightly in the crystalline
structure, which makes it difficult to move across the material. However, practically,
there are some defects present in the crystalline structures of these materials. These
defects include vacancies (Schottky defect), interstitial atoms, vacancy-interstitial

(8]

pairs (Frenkel defect) and substitutional defects with different-sized atoms ', as

shown in (figure 1. 2).
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Figure 1. 2: Possible defects in the crystal structure of the perovskite materials,

adapted from reference [8].

The Schottky defect (vacancy) can be defined as the elimination of an anion
and/or cation that leaves vacant sites within the crystal and the Frenkel defect
(vacancy-interstitial pair) is described as an anion or cation moving to an interstitial
site. The substitutional defects (extrinsic defects), on the other hand, happen when an
atom with different valency is doped into a stoichiometric crystal.

In this work, the first group of perovskites (SLFO) are formed by
substitutional defects and the second group is made by both substitutional defects and
Schottky defects. The substitutional defects in the first group are created by replacing
a specific amount of Sm*" with Li" in SmFeO; perovskite family. This replacement
will enhance the ionic conductivity in this kind of perovskite material because it
facilitates the lithium ions transport through the crystal structure, often by a hoping
mechanism. In addition to the substitutional defects, in the second group, Schottky

defects are used to further improve the ionic conductivity of Li perovskites. This is

6



done because, now, the lithium ion can jump into a neighbouring cationic vacancy site
and then leaves a vacant site behind to allow another lithium ion to accommodate into
this unfilled site. Moreover, when the substitutional defect is introduced in the lattice,
the charge changes and the material compensates by adjusting the concentration of

2- . . .. .
O~ in the lattice. Therefore, anionic vacancies are also present.

1. 2. 3. 2. Conductivity Measurements:

The conductivity measurements for the lithium ionic conductor materials are usually
done using electrical impedance spectroscopy (EIS), which gives a frequency-
dependent complex resistance. A specific equivalent circuit is used in many studies to
measure the lithium ionic conductivity in the ABO; perovskite samples. The model of
the equivalent circuit is shown in (figure 1. 3) and can be written as
Rp(RseiCsei) (RetCaiW). Ry is the bulk resistance, Rgei, Csei are the resistance and the
capacitor of the solid-state interface layer formed (grain boundary), R is the
electrolyte/electrode interface resistance, which can be modeled as charge transfer
resistance, Cqr is the double layer capacitance and W is the Warburg impedance at the
last sloping data. This W is associated with the diffusional effects of lithium ion on
the interface between the active material particles and electrolyte. Each (RC)
component in the model corresponds to one semicircle in the Nyquist plot ), (figure
1. 3), where Z’ is the real part of the resistance and Z’’ is the imaginary part of the

resistance.
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Figure 1. 3 Electrochemical impedance spectroscopy (EIS) for the Li-ion cell and the

equivalent circuit used to fit the EIS actual data, adapted from reference [9].

Thus, having two (RC) components in the model of the equivalent circuit
explains three different conduction mechanisms in the Li-perovskites. The first
mechanism is the bulk crystal conduction determined by the high frequency intercept.
The second mechanism (first arc) corresponds to the grain boundary diffusion, at the
mid frequency region. The third mechanism (second arc) is the interface between the

solid electrolyte and the electrodes at the lower frequency region.

1. 2. 3. 3. An Example of Li-Perovskites:

Until now, the Li-perovskite with the highest ionic conductivity is Lithium lanthanum
titanate (LLTO). Hence, LLTO is widely studied as a reference perovskite. The first
synthesis of LLTO perovskite was carried out by Brous e al. ' in 1953. They

replaced the Ca®" ions at the A-sites of the perovskite structure with La*" and Li" ions



(LipsLag sTiO3), making this a perovskite with no A-site vacancies, similar to our first
group perovskites structure (SLFO). After that, many experimental investigations
were carried out to determine the electrical properties of this material. The highest
ionic conductivity obtained at room temperature for the bulk crystal of
Lig33Lag ss57T103 perovskite, which is similar to the second group perovskite structure
(SLFO*), was 1.0 x 10 S/ecm "', The high conductivity is likely due to the large
amount of equivalent sites in this LLTO perovskite for lithium ions to freely hop from

one site to the other.

1. 2. 4. The Use of Perovskites in Lithium-Air Batteries:

ABOs perovskite type oxides have been widely found in many different energy
storage applications, such as batteries, solid oxide fuel cells, solar cells and
electrochemical gas sensors. Specifically, the Li-perovskites synthesised in the
present work (SLFO and SLFO*) can be used as a protective layer on the lithium
anode or as electrolyte in the lithium air batteries. The different employments of the

ABO; perovskites in lithium-air batteries are discussed in the following sections.

1. 2. 4. 1. ABO; Perovskite Oxides As Bifunctional Catalysts:

ABOs Perovskite-type oxides are considered as great electrocatalysts for oxidation-
reduction reaction (ORR) and/or oxidation-evolution reaction (OER) for many
different applications such as catalytic oxidation, sensors, visible-light
photocatalysis, and solid oxide fuel cells and metal-air batteries ['>"'*!. These kinds of
perovskites have established great potential for these applications due to their
interesting physical-chemical properties, high catalytic activities, cost effectiveness

and eco-friendly nature. One example of using ABOs perovskite as an efficient ORR



and OER electrocatalyst for lithium air batteries is the work done by Zhang and co-

workers !

. They successfully prepared a 3D ordered macroporous LaFeO;
perovskite by colloidal crystal template method to be used as electrocatalysts.
Recently, Meilin Liu and Wei Zhou *”! reported a successful strategy to enhance the
ORR and OER electrocatalytic activity of LaFeOs; by introducing A-site cation
deficiency (without other modifications) having formula: La;x FeO;s (where x =
0.02, 0.05 and 0.1). The best bifunctional electrocatalysts synthesised by them for
ORR and OER activities in the alkaline solution is L0.95F. These activities are
highly efficient and are attributed to the creation of surface oxygen vacancies and the

small amount of Fe*" species in the lattice, Figure (1. 4) ..
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Figure 1. 4: “Room temperature Mossbauer spectra of LF, L0.98F, L0.95F, and

LO.9F samples”, with permission from reference [20].

1. 2. 4. 2. ABO; Perovskite Oxides As Electrolyte Separator:
Lithium ionic conducting perovskites have been paid much attention since it was

discovered the highest ionic (bulk) conductivity for LLTO, as mentioned previously
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"] However, it was considered that LLTO is not suitable for solid electrolytes in

?1 In

lithium-air batteries due to their low reduction stability against lithium metal
addition, it has a low total conductivity value, which is not more than 1 x 10* S/cm,
due to the high resistance at grain boundaries '*'**. Therefore, most of the current
research is focused on studying LLTO perovskite as an electrolyte separator for
rechargeable aqueous-type Li-air batteries. Yoshiyuki Inaguma ** had successfully
prepared LLTO electrolyte ceramics to be used as an electrolyte separator as shown in
(figure 1. 5). His LLTO has high total lithium ion conductivity value from 3 to 5 x
10* S/cm at 300K. The increment in the total conductivity is due to the high

temperature treatment (1450°C) for 6 h, thus, increasing the grain size and reducing

the resistance due to grain boundaries, (figure 1. 6).

Carbon Electrode

LLTO Ceramics Tube
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\
\
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—~ Li Metal

R

[t Li Organic Electrolytes

Figure 1. 5: A diagram shows a rechargeable Li-air cell using LLTO perovskite as an

electrolyte separator, adapted from reference [24].



(a) 1400°C (b) 1450°C

Figure 1. 6: Scanning electron microscopy images for LLTO perovskite sintered at

(a) 1400°C and (b) for 6 h, adapted from reference [24].

1. 3. Summary:

A definition and historical background about the ABO; perovskite type oxide are
addressed at the beginning of this chapter. The crystal structure of this perovskite is
provided with the possible relative oxidation states of the A and B site cations. In
addition, the ionic conductivity of this perovskite is discussed in terms of having
different types of defects in the structure, measuring the ionic conductivity and
reporting the highest ionic conductivity published for LLTO as 1 x 107 S/cm.
Different use of ABO; perovskites in lithium air batteries are also provided at the end

of this chapter.
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Chapter 2
Lithium Air Battery

(Introduction and literature review)

2. 1. Introduction:

In the present scenario, around 85% of the world’s energy needs mostly depend on the
non-renewable fuels such as coal, oil and natural gas, despite the fact that they are
unsustainable, depleting rapidly and are the primary contributors to global climate
change. This is because these fuels release large amounts of CO; to the atmosphere.
Modern society is increasingly switching from fossil fuels to a clean energy based
economy to reduce their negative impact to the environment. Renewable energy
resources such as wind and solar energy have efficiently emerged as the clean energy
alternatives. However, these energy sources are limited by several challenges, most
significantly the intermittent power supply. A satisfactory solution to protect the
device from the intermittent renewable energy supply is to integrate the
electrochemical energy storage to the conversion systems. Such storage systems when
used in automobile will help to reduce the need of total primary energy source, which
is petroleum, by 34% 2,

Electrochemical energy storage and conversion devices, most prominently
lithium-ion batteries, super-capacitors, low-temperature fuel cells (LTFCs), and
metal-air batteries are intensely studied regarding to their enhanced energy storing
ability and long-lasting stability. Most of these studies are focused on cost
effectiveness and long—term stabilities to make this technology commercially viable.
In this chapter, the primary emphasis is on one of the most feasible energy conserving

metal-air batteries, which is the non-aqueous rechargeable lithium- air battery "1,
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The rechargeable Li-air battery is an electrochemical energy conversion
system based on the electrochemical reaction between the Lithium metal and easily
accessible oxygen molecules from the environment. This kind of battery is very
attractive to many research groups due to the highly reactive lithium metal at the
anode with oxygen at the cathode. This reaction generates an enormous amount of
energy density with extended life cycles of the battery. Additionally, it is considered
as a promising rechargeable cell for high power applications such as electrical
vehicles (EVs). This is due to its high potential energy density, which varies from
1000 to 2000 Wh/kg, figure (2. 1), depending on the type of electrolyte, membrane,
cathode design and materials used. The advanced energy storage capability and the
electrochemical technology in this battery will soon replace the conventional Li-ion
batteries. Further, it will increase the range of the electric vehicles to drive more than

500 miles (per charge), which is similar to the range of the gasoline vehicles ).

Energy Density, Wh/Kg

Lead-Acid
Ni-MH
Li-lon

Li-S

Zinc-Air
Li-Air
Gasoline

Figure 2. 1: Gravimetric energy densities (Wh/kg) for different types of rechargeable

batteries compared to gasoline. Blue bars present the theoretical density, and red bars
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show the practically achievable density, with permission from reference [4].

2. 2. Historical Background:

Back in 1979, Blurton and Sammells ! were the first to review primary metal-air
batteries. These batteries have theoretically higher energy densities compared to the
ion-based batteries because they use atmospheric oxygen as a cathode reagent. Since
then and until the 1990s, not a single practical application was seen for the aqueous
Li-air cell chemistry in vehicles, as compared to Zn/air batteries '°. Conversely, high
theoretical gravimetric energy density for Li-air batteries was observed (11,148 Wh
k/g) with Li,O as discharge product.

As an improvement to aqueous Li-air batteries, Abraham and Jiang !”
discovered the first rechargeable non-aqueous lithium-air battery in 1995. They used
lithium metal as anode, a gel polymer as the electrolyte, and a carbon substrate for the
cathode. Oxygen molecules arrives through the pores of the carbon cathode to serve
as the active cathode reagent. Under discharge, the electron reduces the oxygen
molecule to its anions, which get stored in the pores of the carbon electrode. The Li-
ion conducting gel polymer electrolytes were made from polyacrylonitrile (PAN) and
polyvinylidene fluoride (PVdF).

In the following decade, Li-air batteries did not lead to any technically viable
products due to some chemical issues, such as dendrites formation at the Li surface,
and the formation of unwanted products, that prevented these batteries from achieving
higher energy density and longer life cycle. However, a paper published in 2006 by
Bruce and co-workers ™ attracted attention to Li-air batteries, especially due to their
greater rechargeability. They replaced the polymer electrolyte with an organic

electrolyte, propylene carbonate (PC), and used a porous cathode with manganese
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dioxide. After that, the Li-air battery regained attention around the world due to its
relatively simple structure and huge specific capacity. Moreover, the Li/air
technology solves the low-energy-density challenges when used in conjunction to
electrochemical storage systems *'%),

Most of the researchers are developing the advanced catalysts and the cathode
substrates to improve efficiency and life cycle of Li-air batteries, especially for
organic electrolytes. Porous carbon, graphene and carbon nanotubes (CNT) ' or
carbon nanofibers (CNF) "? are used as cathode materials whereas metal oxides
(MnO; "1, Co30,4 "), noble metals "> '), and others ' are used as catalysts in these
batteries.

On the other hand, many researchers study the cycling-stable electrolyte for
Li-air batteries in terms of the discharge capacity and the rate capability as they are
affected by the electrolyte construction. Also, the performance of the Li-air batteries
is investigated based on the influence of the solubility, diffusion coefficients, and
partial pressure of O, on the electrolyte !'* "1 At the industrial level, in 2009, IBM
and its partners have launched the Battery 500 project to evaluate Li—air batteries for
automotive application to ensure a 500-mile driving range per one charge *°.
Certainly, the lithium-air battery becomes a critical investigation area for next-

generation energy power, and it could make electric vehicles (EVs) a realistic future

vehicle.

2. 3. Types of Lithium-Air Batteries:

The rechargeable lithium-air batteries can be classified according to the electrolyte
architecture: (a) aqueous, (b) aprotic (non-aqueous), (c) hybrid and (d) all-solid-state

batteries *'), figure (2. 2).
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Figure 2. 2: Diagram of the four different designs of Li—air batteries, where (a) is the
aqueous battery, (b) is the aprotic (non-aqueous) battery, (c) is the hybrid (mixed
aqueous and non-aqueous) battery and (d) is the all-solid-state battery, adapted from

reference [21].

The first three design batteries have a liquid electrolyte whereas the all-solid-

state battery is designed with a solid electrolyte. Most of the electrolyte systems are
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considered as useful systems because they can promote the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER) during the discharge and charge
processes. Also, since water is used as electrolyte for the fast transport of Li" in the
case of aqueous and hybrid cells, an additional layer must be added to protect the
lithium anode from spontaneously reacting. Moreover, the aqueous system has lower
theoretical energy density than the non-aqueous system due to the presence of water
or acid, which can be involved in the reactions ™. In addition, the all-solid-state
system has not received much attention since the solid-state electrolyte is not
sufficiently fast to transfer the lithium ions to the air cathode **!. As a result of that,
the non-aqueous lithium-air battery has attracted considerably more attention because
of its potentially high energy density and rechargeability. Currently, many
representative research groups are trying to improve the non-aqueous Li—air batteries
in terms of the discharge mechanism, electrode materials, electrolyte structure,

catalysts, charge—discharge reversibility and cycling ability.

2. 4. The Reaction Mechanism in Li-Air Battery:

The reaction mechanism in a lithium-air battery depends on the rates of redox

reactions at the negative electrode and oxygen redox reactions at the positive

electrode as follows

xLi » xLi* + xe~ (Anode Side) [2.1]
y0, + xe~ — y0;? (Cathode Side)  [2.2]

xLit + y0,7% - Li,0, [2.3]

The reaction of oxygen molecules with lithium metal can theoretically form
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three types of products, which are lithium oxide, lithium superoxide and lithium

peroxide as shown from equations [2.4] to [2.6] ****.

Lithium oxide: 2Liy + 30, - Liy0 [2.4]
Lithium Superoxide: 2Ligy + 20, - 2Li0, [2.5]
Lithium peroxide: 2Ligy + 0, - Liy0, [2.6]

In 2011, Bruce et al. identified the reaction products and their intermediates using
the spectroscopic methods **!. His proposed mechanism aimed to define the chemical
reactions at the cathode during the charge and discharge processes and can be
summarized below:

* The discharge course:
[1] Oxygen molecule is reduced with the presence of electron to its anion,
0, + e - 05 [2.7]
[2] The oxygen anion reacts with the Lithium cation to produce unstable and
disproportionate lithium superoxide on the electrode surface,
0; + Lit - LiO, [2.8]
[3] The presence of two molecules of lithium superoxide on the cathode surface
promotes these molecules to bind together and generate a stable lithium peroxide
and oxygen gas,
2 Li0, = Li,0, + 0, [2.9]
* The charge course:
[1] Lithium peroxide can be directly dissociated into lithium ions and oxygen gas ©*/,
Li,0, »2Li* + 0, +2e” [2.10]
As seen from the above reactions, the discharge path has different reaction
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steps to get Li,O,, while the charge path can be done in one reaction step to evolve O3
and Li". Later, Peng et al. in 2012 *), proposed lithium superoxide as an intermediate
in his work. He suggested that lithium superoxide is not stable in presence of lithium
ion and thus it is reduced electrochemically into Li,O, as the following equation >

26]

LiO,* + Li* + e~ > Li,0, [2.11]

2. 5. Current Limitations for Li-Air Batteries:

The lithium-air battery is one of the most attractive technologies, especially for long-
range electric vehicles (EV), due to their high theoretical specific energy. The Li-air
battery consists of a lithium metal anode, a non-aqueous or aqueous electrolyte and an
air cathode. In the discharge course, lithium is oxidized into Li" and e at the anode
and then Li' ions travel through the electrolyte towards the cathode while e flow

through an external circuit to react with Li" and O, at the cathode side to create Li;O,.

While in the charging process, lithium peroxide is dissociated directly into lithium

ions and oxygen gas, as previously discussed. However, there are some challenges

that hinder these reactions to occur in the lithium air batteries. These challenges are
described below and corrective measures proposed:

* Lithium is a highly reactive metal, in particular with any oxygen or water-
containing environment that may cause unwanted products such as LiOH and
Li,CO; and the dendrite formation on the lithium metal surface. As a result,
lithium anodes need a protective layer to limit the harmful effects of environment
on lithium and prevent dendrite growth. Besides, this layer has to be a Li"
conducting material to allow fast and efficient lithium ion transport through the

electrolyte at high current densities *7).
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* The air electrode has to be porous to allow the fast diffusion of oxygen from the air
into the reaction sites. Also, it needs to have a membrane to avoid the unwanted
parasitic reaction with the air components such as H,O, CO,, CO and N,, which
limit the lifetime of the lithium air batteries. Additionally, it requires
electrocatalysts to improve the ORR performance for the cathode and then improve
overall rate of charge/discharge processes for lithium air battery ",

* The nature of the electrolyte is an important factor that affects the cycling
performance of the Li-air batteries. For example, the discharge products (Li,O, and
LiO,) in the non-aqueous system are insoluble, which can block the reaction sites
on the cathode surface and then prevent the future reactions, as shown in figure (2.
3) . Thus, the electrolyte should have an effective catalyst to reduce the overall
potential of the discharge-charge reaction to enhance the power density in the

discharge reaction, the electrical efficiency in the discharge-charge cycle and the

life-time of the battery.

Porous carbon
cathode  11:0:

)

Discharge reaction
2(Li* + e )+ 0, 9Li,0,

e.

Electrol

Electrolyte

e
et

Figure 2. 3: Diagram picture of the air cathode and proposed chemistry at the air
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cathode. The left side of the diagram presents the electrolyte (with Li" ions), the
porous carbon cathode flooded with the electrolyte, catalyst particles, and the product
Li,O,.while the right side shows the reaction products of Li,O, deposited at the

porous carbon cathode, with permission from reference [4].

2. 6. Literature Review:

2. 6. 1. Anode (Lithium Electrode):

The anode side of the lithium air battery contains metallic lithium, which oxidizes to
lithium ions during the discharge process. However, the stability loss for the long-
term operation of this electrode is one of the most challenging issues. The Li metal at
the anode reacts with the ambient atmosphere to form lithium hydroxide (LiOH) and
lithium carbonate (Li,COs) *™. Also, lithium metal in the organic electrolytes faces
another problem with dendrites formation after many charge-discharge cycles. The
growth of dendrites can create short-circuits between the cathode and the anode due to
the prolonged deposition/dissolution of lithium in the electrolyte **). Furthermore, the
diffusion of lithium ions can be limited due to the electrolyte incompatibility resulting
in the formation of a resistive film barrier onto the anode %, As a result, life cycle
and safety of rechargeable Li-air technology are decreased due to the use of lithium
metal as an anode electrode.

A good solution to prevent the lithium electrode from contacting the liquid
electrolyte is by its separation from the electrolyte by an interfacial or protective layer
made of polymer, ceramics, or glasses. This layer is coated on the lithium metal and
provides conductivity for the lithium ions *'!. For example, Aleshin et al. ®* coated
the lithium metal anode with a protective ceramic layer composed of lithium-

aluminum-germanium-phosphorus (LAGP) glass-ceramics. This helped to prevent
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anode degradation and further stabilized the Li/air battery performance. However, the
cell performance was only examined for ten cycles, making it hard to evaluate the
long-term effect of such a ceramic protective layer. Another measure to prevent
moisture and electrolyte decomposition products in the cathode was addressed by
Crowther et al.**). They developed a silicone rubber oxygen-selective membrane to
increase the oxygen permeation, cover the external cathode surface from reacting with
the moisture in the atmosphere and prevent the solvent loss from the cell to the air.
Recently, Kim’s group * succeeded to improve the cycling performance of the
lithium-air battery by using a protective layer comprising a conductive polymer and
aluminum fluoride particles (AlF;) on lithium metal. They were able to stabilize the
lithium electrode and get better performance by reducing the reductive decomposition

of the liquid electrolyte and preventing the growth of lithium dendrites, figure (2. 4).
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Figure 2. 4: The cycle performance of the Li-O; cells with pristine Li electrode
(Red), PEDOT-PEG coated Li electrode (Blue) and PEDOT-PEG/AIF; coated Li
electrode (Green) at a limited capacity of 1000 mAh/g, with permission from

reference [34].
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Moreover, Hassoun ef al. **! have made a typical type of a “Li-air battery”
structure by replacing the lithium metal with a lithiated silicon-carbon composite,
Li,Si-C. Nonetheless, their battery is no longer being used because it decays after
operating reversibly at a capacity of 1000 mAh/g for about 15 cycles as a result of the

oxygen crossover at the cathode side, figure (2. 5).
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Figure 2. 5: Voltage profiles for cycle number 1, 2, 5, 8, 10 and 15 of a lithiated-
silicon/carbon-oxygen cell (Li,Si/O;) carried out at a 1000 mAh/g of carbon, with

permission from reference [35].

Lithium metal at the anode is one of the most important factors that affects the
energy density of Li-air batteries. However, most of the studies are focused on the
performance of the cathode and the electrolyte since they influence the discharge-

(14, 36]

charge potential and the battery capacity significantly.
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2. 6. 2. Electrolyte:

In the lithium air battery, the capacity can be defined as the ability of the electrolyte to
transport the lithium ions from the lithium anode to the air cathode. During the last
ten years, the electrolyte has not been receiving much attention because most of the
researchers have been occupied on the development of novel catalysts and cathode
materials for this kind of batteries. However, it has been seen that the electrolyte
highly affects the efficiency of lithium-air battery 1. For instance, its performance
is influenced by the essential properties of the electrolyte such as viscosity, volatility,

(18, 37-39] Moreover, the

ionic conductivity and reactants and products solubility
amount of electrolyte (liquid) plays an important role in the void space of the porous
carbon network at the cathode side when it is filled with the electrolyte through the
discharge process. Xu et al. "' have demonstrated maximum amount of the discharge
capacity as a function of the liquid electrolyte. The specific discharge capacity for
their coin cell is higher than 160 mAh g/c with about 125 mL of 1.0 M LiTFSI in
propylene carbonate PC: EC (1:1 by wt).

The two forms of electrolytes used in Li-air batteries can be more specifically
classified into non-aqueous and aqueous electrolytes. Although the oxygen reduction
reaction (ORR) is the same for both systems in the discharge course, the
electrochemical reactions of non-aqueous and aqueous electrolytes show different
behaviors inside the porous cathode material. For example, in the non-aqueous cells,
the products of the ORR can fill the open pores on the cathode surface since they are
insoluble in the electrolyte. This blocks the reaction sites on the cathode surface and
hence prevents the oxygen diffusion through the pores. As a result, the actual specific

capacity of the Li-air batteries is found to be less than the theoretical value.

Zhang and Foster "' have proposed two models of the catalytic ORR regions
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in both non-aqueous and aqueous system, as shown in figure (2. 6). The aqueous
system can be described as a “three-phase reaction zone”, figure (2. 6. a), namely
liquid (electrolyte), solid (catalyst/carbon) and gas phase (oxygen). While in the non-
aqueous system, the discharge process can be presented as a "two-phase reaction
zone”, figure (2. 6. b), namely liquid (electrolyte) and solid (carbon/catalyst). The
aqueous electrolyte shows the formation of soluble discharge products resulting in no
pore blocking. The non-aqueous electrolyte shows insoluble discharge products,
which can prevent the oxygen diffusion to the surfaces of carbon. Consequently, the

oxygen reduction reaction cannot be continuous as indicated in the “three-phase

p-
Electrolyte
& = g
OH

reaction zone” model.

Catalyst(Carbon) _

(a)

Gas Phase —=

Catalyst(Carbon) €
(b) Li,O, and Li,O Deposit
O, in
Solution it -« Electrolyte

Figure 2. 6: A diagram representation for two Models of the reaction zones for
catalytic ORR. (a) The model for aqueous electrolyte-based cell with “three phase
reaction zone” and (b) The model for Non-aqueous electrolyte-based cell with “two

phase reaction zone, adapted from reference [41].
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Comparing the benefits and the drawbacks of both systems, the pore blocking
that occurs due to the existence of the insoluble products during the discharge course
in the non-aqueous electrolyte is not observed in the aqueous electrolyte. However,
the cell fabrication in the aqueous electrolyte is actually difficult because a protective
layer is needed on the Li anode to prevent its surface from water corrosion. In
addition, aqueous cells demonstrate a lower specific capacity and a poorer
rechargeability than non-aqueous cells. In the following section, non-aqueous and

aqueous Li-air batteries are reviewed.

2. 6. 2. 1. Non-aqueous Electrolytes:

Non-aqueous electrolytes have been extensively studied and developed in the last two
decades, and effectively employed in the contemporary and commercial Li-ion
batteries. However, they cannot be directly applied to Li-air batteries because they are
still facing some challenges. Although there are many publications on Li-air batteries
every year, the best non-aqueous electrolyte for these batteries has not been found yet.
Based on these studies, an ideal non-aqueous electrolyte for Li-air batteries should
have the following properties: high Li" conductivity, high chemical-electrochemical
stability, especially in the presence of oxygen radicals and Li,O,, low vapor pressure
or no volatility to get long-term operation, high oxygen solubility and diffusivity and
possible solubility of Li,O,. The first two features are the basics for non-aqueous
electrolytes for their use in Li-air batteries, and the last two features are not crucial,
however, they help to improve the battery performance. The non-aqueous electrolyte
can be classified into three types called organic liquid carbonates and other solvents,
hydrophobic ionic liquids, and polymer (gel) electrolytes. The organic carbonate-

based electrolytes are widely used in the conventional Li-ion batteries because of their
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low volatility, good Li compatibility, high ionic conductivity and oxidation stability
with respect to the Li/Li" couple. In Li/air batteries, these electrolytes are tested for
different composition of propylene carbonate (PC) and co-solvents like ethylene
carbonate, ethers or glymes, to check the decrease in solution viscosity and the
increase in oxygen solubility, ionic conductivity and polarity ****. Xu er al. ©*
examined the effect of using different salts and solvent mixtures to investigate the
impact of salt and solvent compositions on the cell performances. They found that the
nature of the salt could change the discharge capacity and energy density in the
lithium-air battery. For example, the cells with (LiTFSI) showed higher O, solubility
(5.68 mg/L) and lower viscosity (7.10 mPa.s) than both (LiPF¢) and (LiClO,) salts in
a propylene carbonate/ethylene carbonate PC/EC mixture electrolyte, table (2. 1) %,
Additionally, using this electrolyte with the Li-air cells exhibited a much greater
discharge capacity equal to 167.5 mAh/g of carbon, than using ether-based or glyme-
based electrolytes. Since the ethers and glymes-based electrolytes have higher
accessibility to the porous carbon structure that leads to block the oxygen pathways.
However, all these carbonate-based electrolytes could not be used in lithium-air
batteries because of the solvent degradation that occurs due to the formation of the

intermediate superoxide during the discharge course. This leads to the unfavorable

products like H,O, CO,, and Li,COjs at the porous cathode >+,
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Table 2. 1: Physical properties of the electrolyte of 1.0 M different lithium salts in
PC/EC (1:1 wt) and their discharge performances in Li/air coin cells at room
temperature.

Electrolyte properties Cell Discharge Performance

Lithium O, Solubility Viscosity Discharge time Specific capacity

Salt (mg/L) (mPa.s) (h) (mAh/g carbon)
LiPF, 5.19 7.41 77.0 156.8
LiTFSI 5.68 7.10 82.2 167.5
LiClO, 5.22 7.17 88.1 179.3

Further, another stable electrolyte is required for genuinely rechargeable Li-air
batteries in order to eliminate the electrolyte degradation effects on carbonate solvent.
Ether-based electrolytes have been used for Li-air batteries instead of carbonate-based
electrolytes because of their good stability, excellent rate capacity high oxygen
solubility and low viscosity ““. In 2006, Read "* first employed an ether-based
electrolyte with different salts in a non-aqueous Li-air battery, and he confirmed that
viscosity is the key factor to control the maximum cell capacity when the oxygen
solubility reaches a certain level. Another research on ether-based electrolytes using
crown ethers as an addition to the electrolytes has been done by Xu et al ). Their
electrolytes have the capability to coordinate with lithium ions and thus increase their
ionic conductivity. Bryantesev et al.'**! calculated the stability for a range of organic
solvents against the O” radical by using density functional theory. Their computations
show that ether-based electrolytes are more suitable than carbonate-based ones.
However, a recent study by Freunberger er al. *” investigated an adverse impact of
using ether-based electrolytes during the operation process, which is the electrolyte

decomposition. The formation of Li,O; occurs in the first discharge for the Li-air cell
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using ether-based electrolytes, however, it disappears in the following cycles. The
electrolyte then decomposes to produce a mixture of Li,CO;, HCO,Li, CH3CO,Li,
polyethers/esters, CO, and H,O. As a result, ether-based solvents may not be suitable
as an electrolyte for the Li-air batteries. Thus, finding alternative electrolytes for these
batteries is one of the most important challenges for the construction of a good
lithium-air battery.

The second class of the non-aqueous electrolyte used for lithium-air batteries
is hydrophobic ionic liquids (ILs). The advantage of using this kind of electrolytes in
the lithium-air batteries is because they cause no vapor pressure and reduce the
compatibility problems with the Li anode. Kuboki e al. ** were the first group to
study the discharge behaviors of the air electrode by using an ionic liquid composed
of 1-ethyl-3methyllimidazolinium bis (trifluoromethanesulfonimide) (EMITFSI)
Tetrafluoroborate. After 56 days of testing, the cell showed a high discharge capacity
equals to 5360 mAh/g at a very low current density of 0.01 mA/cm in 60% humidity.
Using this compound prevents electrolyte evaporation and hydrolysis of the anode
electrode. Another study by Giorgio ef al*'! was done in 2011. They have employed
different component systems such as pyrrolidinium (PYRI14-TFSI), ether
pyrrolidinium (PYR1201-FAP), and (EMITFSI) to determine the effect of the ionic
liquid electrolyte on the ORR. They found that the presence of lithium salt could
affect both the ORR and OER. For example, Abraham e al. **! have demonstrated
that Li,O and Li,O, are highly rechargeable for ORR after several cycles without
electrode passivation by using (EMITFS) ionic liquid electrolyte. In addition, Zhang
et al.* have synthesized a propyl imidazolinium-TFSI-silica-PVdF-HFP gel to be
used as a Li-air electrolyte. The advantage of using this material with a polymer is to

reduce the anode corrosion due to moisture by stabilizing the anode/electrolyte
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interface. As a result, there is an increase in the discharge capacity to 2800 mAh/g,
which is higher than the discharge capacity of a pure ionic liquid system (1500
mAh/g), figure (2. 7). Thus, the hydrophobic ILs can be considered as worthy
candidates for building long-term rechargeable Li-air batteries. It is, however, too
hard to use them for practical applications, especially with the instability of their
interface with the electrodes. Henceforth, researchers show more interest in the all-
solid-state Li/air batteries because of their advantages in terms of increased interfacial

stability, safety, and longer life cycle.
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Figure 2. 7: The discharge curves of lithium air cells with different electrolytes in
ambient atmosphere at the discharge current density of 0.02 mA cm . The
electrolytes are (A) LiTFSI-PMMITFSI based non-catalyzed lithium air battery
(solid), (B) LiTFSI-PMMITFSI-silica—PVdF-HFP polymer composite electrolyte
based non-catalyzed lithium air battery (dash) and (C) LiTFSI-PMMITFSI-silica—
PVdF-HFP polymer composite electrolyte based on a-MnO, catalyzed lithium air

battery (dot), adapted from reference [53].
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Several reports have recommended the use of polymer systems and less
conventional laminated glass ceramic/polymer ceramic systems °*°°. In 2011,

Hassoun et al. °°

studied the oxygen redox reaction in Li-air cells using a polymer
based on polyethylene oxide (PEO) electrolyte, which belongs to the class of polymer
composite electrolyte (PCE). They found that the lithium and carbon electrodes and
the (PCE) electrolyte remain in excellent condition after the discharge-charge
processes test, which confirms the protective role of the PEO matrix. Also, their
cyclic voltammetry (CV) run at low currents show two peaks related to the discharge

formation products of Li;O, and Li;O and one peak associated to the charge

accumulation product of Li".

2. 6. 2. 2. Aqueous Electrolytes:

There are different types of non-aqueous electrolytes, although, the aqueous
electrolytes are just limited to weak or strong acid or basic solutions. The prime
advantage of using this electrolyte is that the discharge products (Li,O; and Li,O) are
soluble in the aqueous solution. In addition, the discharge potentials for the aqueous
systems are higher than the non-aqueous counterparts and lie generally between 3.0 to
3.3 V range depending on the pH of the solution. The standard aqueous solution is a
mixture of Lithium hydroxide, lithium chloride, and H,O P” °*1 where the
concentration of LiCl and/or its pH can be adjusted, especially when its acidity affects
the amount of LiOH during the discharge process. In addition, many other types of
aqueous electrolytes are considered such as diluted LiOH, HCI/LiCIO4, HNO3/LiNOs,
etc. ®”!. The anode in the aqueous electrolyte needs a protective layer with high Li"
conductivity in order to prevent the lithium metal corrosion. Aono et al. were using

NASICON-type lithium ion conducting solid electrolyte Lij+xAxMax(PO4)s (A = Al,
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Sc, Y, M = Ti, Ge) as a protective layer in their experiments [60.611 A fier that, Kumer
et al.'® have studied this type of solid lithium conductor and reported the highest
conductivity of 4.6 x 10> S/cm for glass ceramics of Lij+yAlyGes(PO4)s. Moreover,
the protective layer should be stable in presence of water. Imanishi ez al.'® ! have
examined the water stability of Li;xAlcTix(PO4); (LTAP) and Li; 4Alp4Ge;6(PO4)3
(LAGP). They found that LTAP and LGAP were stable in an aqueous solution
saturated with LiOH and LiCl but not in an aqueous solution of 1 M LiOH. However,
it is not possible to use one of the LATP and LAGP protective layers without an
interface layer such as a thin Li3N layer, between them and the lithium anode. This is
because they will be unstable if they are in direct contact with lithium metal. Stevens
and co-workers have performed different experimental studies by applying non-
aqueous electrolyte as a protective layer between the lithium anode and LTAP 1%,
They used an anion exchange membrane and an oxygen evolution electrode as shown
in figure (2. 8. a). Their cell performance is found to be more than 100 cycles without
any degradation at a low current density of 0.1 mA/cm? for a short polarization period
of 0.2 h at room temperature. The corresponding cell performance for this electrolyte

is presented in figure (2. 8. b).
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Figure 2. 8: (a) A diagram of the proposed lithium air cell, (b) The cycling
performance of the oxygen evolution electrode at a low current density of 0.1
mA/cm?, adapted from reference [66].

Imanishi and co-workers ©]

were studying the cell performance of the
aqueous lithium air battery with a limited amount of water. Their battery was
designed as Li/LiClO4-EC-DME/LTAP/saturated LiOH and LiCl aqueous
solution/carbon black, where the platinum mesh with platinum black was applied as
the oxygen evolution electrode. Using one gram of water, the discharge capacity is
found to be 300 mAh based on the 30% utility of water, and the energy density was
computed from the discharge capacity and open circuit voltage (OCV) of 3.0 V to be
853 Wh/kg. In addition, they have also studied the discharge and charge cell
performance using an aqueous solution of acetic acid (HOAc) and lithium acetate

(LiAc). Their Li-air cell design (Li/PEO;3LiTFSI-10 wt% BaTiOs;/LTAP/HAc- H,O-

LiAc/carbon) shows an excellent cyclic performance at current density of 0.5 mA/cm®
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at 60°C. The discharge capacity was high as 225 mAh per 1 gram of HOAc with
consumption of 56% HOAc, and the energy density calculated as 779 Wh/kg based
on the weight of lithium anode and acetic acid. This lithium-air cell could recollect a
discharge-charge capacity of 250 mAh/g for 15 cycles. From these studies, it is
possible to say that the discharge capacity of the aqueous lithium—air battery is

dependent on the amount of the aqueous electrolyte.

2. 6. 3. Cathode (Air Electrode):
The kind of air electrode (cathode) material in lithium-air batteries is one of the most
important elements that affect the overall cell performance. Most of the previous
researchers tried to develop the cathode materials to achieve the best of many
different characteristics like chemical stability, electrical conductivity, surface area
and porosity ). The cathode materials should have a stable porous structure to store
the discharge products and provide channels for oxygen diffusion into the reaction
sites. Many cathode materials have been tested to provide these features for non-
aqueous lithium air batteries, more specifically carbon-based materials. Carbon-based
materials have been the most attractive materials studied due to their excellent
electrical conductivity and large surface areas [’ 7" They are widely applied as a
catalyst support, conductive agents and electrode material for many different
applications such as fuel cells, lithium-ion batteries, electrochemical supercapacitors,
and recently in lithium-air batteries !'. Also, it is possible to classify the carbon-based
materials into three different groups, which are porous carbon, carbon nanotubes, and
graphene.

Porous carbon materials have been widely applied as air electrode for most

lithium-air cells due to the high charge transfer for the electrochemical reactions and
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the high storage for the discharge products. Moreover, it is possible to achieve higher
specific capacity using metallic lithium as an anode material and porous carbon as a
cathode material because of the small mass of the porous carbon electrode. These
materials show positive catalytic activities toward the ORR as a result of the presence
of defect sites on the carbon surface. Various types of carbon have been commercially
investigated as cathode materials for non-aqueous Li-air batteries such as activated
carbon (AC) V", Super P > Vulcan XC-72 "*! and Ketjen black (KB) "*!. Recent
works have considered some other new carbon-based materials that show high
performance due to their unique structures and the greater number of

771 carbon nanofibers !

defects/vacancies. These materials are mesoporous carbon
Pl'and carbon microfibers **\. In 2011, Mitchell ez al. ® were using hollow carbon
fibers as a cathode material in the lithium air battery. The benefit of using these
materials is due to their non-attachment to the binder because they are directly grown-
up on a ceramic porous substrate, as shown in figure (2. 9). The binder materials
such as nanocarbon binder were previously used to prevent the undesirable
deformation and improve the stability of preform shape. These carbon fiber electrodes
established a very high discharge capacity equal to 7200 mAh/g of carbon and energy
density of 2500 Wh/kg, which is four-times that of the advanced lithium compounds
like LiCoO; (600 Wh/kg). In addition, the carbon fibers materials are able to give a

clear imagining to the Li,O, formation and morphological evolution during discharge

process because of their unique structure.
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Figure 2. 9: (a) SEM image of the porous anodized aluminum oxide (AAO) filter
after thin film deposition using electron beam evaporation and (b) SEM image of the

AAQO filter after Nano fiber growth, adapted from reference [78].

Carbon nanotube materials (CNTs) are recently used for the non-aqueous
lithium-air batteries because of their high chemical and thermal stability, high
elasticity, high tensile strength and high conductivity resulting from their structures.
In 2013, Shen et al. " reported that their pure CNTs sponge electrode could exhibit a
specific capacity of 6424 mAh/g and discharge voltage of 2.45 V at a current density
of 0.05 mA/cm?. Moreover, in the same year, Li et al. ! applied partly cracked CNTs
to the substrate, and found that the capacity of cracked CNTs is almost twice as large
as that of non-cracked CNTs (1513 mAh/g vs. 800 mAh/g).

Graphene has attracted considerable attention as a carbon cathode applicant
due to the high electron transfer rate, the large surface area (theoretical value 2630
m?/g), and the high electronic conductivity (10° to 10* S/m). Hence, it has been

[83,84]

widely used in many different applications such as fuel cells and Li-ion batteries

851 Recently, it has been examined as an air electrode material for lithium-air

batteries because the oxygen molecule can access both sides of graphene nanosheets
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(GNSs) ®_ Li er al. ¥ applied the GNS material as a cathode electrode in non-
aqueous lithium-air batteries. Their cell discharge capacity was higher as 8705.9
mAh/g at a current density of 75 mA/g than the commercial carbon electrode. The
high discharge capacity is due to the active sites at the edges of graphene, which is
contributed to the superior electrocatalytic activity towards the ORR. Recently,
graphene was synthesized directly on the skeleton of porous nickel foam (3D-G
electrode) using a chemical vapor deposition (CVD) method to be used in lithium-air
batteries **!. This material was tested at a current density of 0.083 mA/cm® to give a
discharge capacity equal to 970 mAh/g. However, the highest discharge capacity of a
graphene-based cathode was reported in 2011 by Xiao ef al.'™. They used a novel
hierarchical arrangement of structural and functional graphene sheets to facilitate the
diffusion of oxygen into the microporous channels and provide storage for the
discharge products of lithium oxides, figure (2. 10. a). The discharge capacity
achieved by them is 15,000 mAh/g at a current density of 0.1 mA/cm’, figure (2. 10.
b). In conclusion, it should be noted that different carbon-based materials have
various optimum behaviors based on their unique characteristics to be used effectively

in Li-air batteries.

41



2Lit+ 02 +2e - LizOz

3.0 1
S |
o 201
o]
o]
3
> 191 cio=14

0.1 mA/ecm? in oxygen (2atm)
0.0 v v T |

0 4000 8000 12000 16000
Specific Capacity (mAh/g Carbon)
(b)

Figure 2. 10: “(a) Schematic structure of a functionalized graphene sheet (upper
image) with an ideal bimodal porous structure (lower image) (b) The discharge curve
of a Li-O; cell using functionalized graphene sheets FGS (C/O = 14) as the air

electrode (Po, = 2atm)”, adapted from reference [89].

2. 8. Summary:

This chapter gives an introduction and a literature review for lithium-air batteries. The
introduction is divided into different sections, which are historical background, types
of Li-Air batteries, their general reaction mechanisms, and current limitations. The
literature review is organized mainly into three sub sections, which are anode,
electrolyte and cathode. Each section provides the most significant studies that have
been recently published. These studies are based on the development of lithium-air

batteries in terms the used material, the stability, the energy density and its life cycle.
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Chapter 3

Experimental Procedures

3. 1. Introduction:

Chapter 3 gives a detailed description of the preparation method and the experimental
techniques used for the present work. The results and the discussion will be given in
the succeeding two chapters.

This chapter is divided into three main sections. The first section is the
material synthesis, which covers all the steps taken to prepare the perovskite samples.
The second section discusses the material characterization techniques used to study
the physical properties of these samples. The last section presents the lithium ionic
conductivity measurements of the perovskite samples using the Electrochemical

Impedance Spectroscopy (EIS).

3. 2. Material Synthesis:

There are many different procedures to synthesize perovskite materials such as solid-
state reaction method, glycine-nitrate method, sol-gel method and freeze drying
method. These procedures are used depending on the application of the synthesised
material. However, the final structure and purity of the synthesised samples are the
most important parameters when choosing the most appropriate synthesis method. [
In this work, a Solid-State Reaction (SSR) was the only synthesis method
used for the preparation of all perovskites (SLFO and SLFO¥*). This is done to

compare the differences in the lithium ionic conductivity of the prepared perovskite

as the ratio of Li" and Sm®' are varied at the A sites. This method is also called
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sintering reaction method where the reactants react with each other at high
temperature in absence of solvents. The high sintering temperature (500-2000°C) is
generally required in this method, because the cation or the anion needs a significant
amount of energy to overcome the lattice energy and diffuse into a different site in
the perovskite structure.

Samarium lithium iron oxide samples were prepared using Li,COs3 (99%),
Sm(NO3);.6H,0O (99% REO crystalline) and FexOs (99.99% metals basis) or
Fe(NO3);.9H,0 (ACS, 98.0-101.0%, crystalline). They were mixed together using an
agate mortar and pestle in order to get a fine dry powder. However, the mixture looks
like a paste due to presence of H,O in starting materials. So, the paste was heated in
an alumina crucible on the hot pot between 150°C to 200°C for 24 - 30 h to eliminate
water. The dry mixture, thus obtained was calcined in the high temperature furnace at
800°C for 4 h with a heating and a cooling ramp rates of 5°C/min. The calcined
mixture was again grained using the agate mortar and the pestle to a fine dry powder.
The powder (powder weight between 4.5 g to 5.5 g) was pressed to form a pellet
using a Pellet Die with diameter of 25 mm, figure (3. 1. a), and a Carver Pellet Press
(model 4350) with a pressure of 15000 pounds, figure (3. 1. ¢). The pellet formed has
a thickness of 2 - 3 mm. Then, the pellet is placed on an individual alumina disk for
sintering again at 800°C for 4 h with the same heating and cooling ramp rates. The
pressing and the sintering steps were repeated twice for both 1100°C for 3 h and
1350°C for 6 h to get better crystal structure in the final perovskite. At 1100°C, the
pellets are pressed using a Pellet Die with a diameter of 13 mm, figure (3. 1. b), and
the Carver Pellet Press under a pressure of 20000 pounds to get a pellet thickness of
1.5 — 2.5 mm (powder weight between 0.7 g to 1.2 g). While, at 1350°C, the pellets

are pressed using the same Pellet Die as at 1100°C, however, the Carver Pellet Press
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applied has a pressure of 24000 pounds to attain 1 - 2 mm thick pellet(powder weight
between 0.9 g to 1.3 g). The final pellet is used for analysis of prepared perovskite
structure using SEM and EDS. The ionic conductivity measurements are performed

for this pellet employing EIS.

Figure 3. 1: Pellet die with diameter a) 25 mm and b) 13 mm and c¢) Carver Pellet

Press.

3. 3. Material Characterizations:

3. 3. 1. Powder X-Ray Diffraction (PXRD):

Powder X-Ray diffraction is one of the most important techniques used to
characterize the solid-state materials. By using this technique, it is possible to
determine the physical properties of a crystalline material such as lattice parameters,
phase identity, phase purity, crystal structure and the crystallite size. In 1913,

William Lawrence Bragg and his father William Henry Bragg gave an explanation to
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the diffraction of x-ray pattern in the form of Bragg’s Law ! equation [3. 1], as
shown in figure (3. 2):

niA = 2d siné [3.1]
Where, n is the order of the diffraction peak (1, 2, 3, etc.), 4 is the wavelength of the

x-ray radiation, d is the spacing of the crystal layers and @ is the incident angle (the

angle between incident ray and the scatter plane).

incident reflected
X-rays X-rays
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/N planes
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Figure 3. 2: Bragg’s Law representation of x-ray diffraction.

It is known that the crystal structure of the material is formed from a repeating
block pattern called the unit cell. The size and the shape of the unit cell control the
direction of possible diffractions, where as the type and arrangement of atoms in the
unit cell control the intensity of the diffracted waves. !

In the present work, XRD was performed using an Ultima IV X-ray
diffractometer with Cu Ka radiation (A=1.54 A). The instrument was operated at
room temperature for all perovskite samples and the scattering angle (20) was
scanned between 20°- 70° at a rate of 0.02°/s. The system is connected to Rigaku

PDXL Software (Version 1.8.0.3) designed to analyze the physical properties of the

perovskite samples. A diffractogram of standard SmFeO; with code number of (01-
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086-1330) was used to define the phase composition of all perovskite diffractograms.
Additionally, the lattice parameters of perovskite unit cell were corrected using the

same standard SmFeQOs.

3. 3. 2. Surface Structures:

3.3.2. 1. Scanning Electron Microscopy (SEM):

Scanning Electron Microscopy (SEM) is a significant tool to study the surface
structure in the solid-state samples. It can provide scanned images of different spots
of the sample surface without cutting the sample into segments.

In this work, the perovskite morphologies were investigated using a JEOL
JSM-7500F field emission scanning electron microscopy (FE-SEM). This SEM
system can provide high-resolution imaging of large specimen because it collimates
the electron beam even at low accelerating voltages (0.1 kV) . It is used mainly to
observe the microstructure morphology of a fine surface of the pellet calcined at
1350°C without any assistance of a sprayed coating. Additionally, two different
detection modes called low energy secondary electron image (LEI) and composition
image (COMPO) are employed to show the microstructure morphology of the
surface at different electron energies. The images of the LEI and COMPO mode are

taken at a magnification of 1000X.

3. 3. 3. 2. Energy Dispersive X-ray Spectroscopy:

Energy Dispersive X-ray Spectroscopy (EDS) was used in a combination with SEM
to determine the elemental composition of particles formed on the surface of the
pellet samples. For EDS experiments, the acceleration voltage of the electron beam

was increased from 2 kV to 15 kV. INCA software in combination with EDS was
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employed to analyze the imaging spectra that formed using SEM with COMPO
mode. Square analysis was done at different light and dark spots of the image that

represent different elements of the chosen perovskite sample.

3. 4. Ionic Conductivity Measurement:

In solid-state compounds, it is hard to conduct electricity in the neutral state of the
material because the ions cannot freely move to different sites. However, the ions can
only move in solid electrolytes and conduct current if defects exist in the crystal. The

defects in the crystal lattice may take several forms

, as mentioned in chapter 1
figure (1. 4). The movement of ions in the crystal structure can be explained as the

hopping of ions from an occupied site to a vacant site.

One of the most important tools to measure the ionic conductivity for lithium
perovskites is Electrochemical impedance spectroscopy (EIS). EIS is a non-
destructive technique and gives a physical explanation to the mechanisms or
processes involved in an electrochemical cell. It is also called AC Impedance or just
Impedance Spectroscopy. For all experiments, a Princeton Applied Research
PARSTAT 2273 instrument with Power Suite software were used to measure the AC
impedance (Z). The conditions for the experiments were fixed at a sine wave of 10
mV amplitude and over a frequency range of 1 MHz to 100 Hz. In addition, all AC
impedance measurements were carried out in the air at room temperature of 25°C.

In this study, all the perovskite pellet samples calcined at 1350°C were
analysed through EIS. The first step in this analysis includes the measurement of the
pellet dimensions (/ = thickness and a = area) before placing it in between the
electrodes. Then, the sample is placed in between two similar electrodes called

Conductive Lift-N-Press Adhesive Tabs, Double Sided with 0.6 % nickel and < 0.3
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% copper content. One side of the electrode was pressed on the sample and the other
side of the electrode was used to sandwich the wire with another electrode tab, as

shown in figure (3. 3).

Figure 3. 3: EIS analysis setup for measuring the ionic conductivity of the
perovskite.

By using this technique, it is possible to collect impedance as a function of the
frequency of the AC signal for different electrode configurations. This can be simply
done by connecting the electrode to an impedance analyzer. The AC data can then be
graphically presented using Nyquist plot, which is a plot of the imaginary part of
impedance Z” versus the real part of impedance Z’. However, it is necessary to fit
AC data to an equivalent circuit in order to determine the electrical characteristics of
the samples such as resistors (R), constant phase element (Q) and inductors (L).

Impedance fitting was performed using ZSimpWin software. The
experimental AC data is fitted with a specific equivalent circuit model LRy(QR)gp,
figure (3. 4), to determine the values of the elements in the equivalent circuit. This

equivalent circuit is useful for all Li perovskite in chapter 4 and 5 except for
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Smy 4Lip4FeOs. For this perovskite, another equivalent circuit LRy(QR)gh(QaiRc),
figure (3. 5), is used due to the existing of the second semicircle in the AC actual

data, as what is presented in chapter 5.
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Figure 3. 4: Schematic representation of the equivalent circuit LRy(QR)gp.
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Figure 3. 5: Schematic representation of the equivalent circuit LRp(QR)gp(QaiRct).

Where L is the inductor, Ry is the bulk resistance, Qgp 1s the constant phase element
for grain boundary resistance, Ry, is the grain boundary resistance, Qg is the
constant phase element for the double layer and R is the electrolyte/electrode
interface resistance (charge transfer resistance).

For example, the bulk resistance in the equivalent circuit is present at the
highest frequency intercept on the real axis of the Nyquist plot. This value of the bulk
resistance is used to calculate the lithium ionic conductivity for each perovskite

sample by the following equation [3. 2].
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The ionic conductivity (o) = z_la S.cm™! [3.2]

Where [ is the thickness of the sample, Z is the bulk resistance impedance and a is

the area of the sample.

3. 5. Summary:

This chapter focuses on the experimental set-up and the synthesis procedure for
preparing both groups of lithium perovskites. A total of ten Lithium perovskites have
been prepared at different Li and Sm concentrations. A detailed description of the
experimental conditions for their synthesis method is provided. Standard analysis
techniques like the PXRD, SEM, EDS and EIS used to investigate the physical

profile of the prepared perovskites are discussed.
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Chapter 4

Experimental Results and Discussion for the First Group of Lithium

Perovskites (SLFO)

4. 1. Introduction:

A new family of perovskite-type oxides with a general formula SmyLi; (FeO,
(where x = 0.1, 0.2, 0.3, 0.5 and 0.7) have been prepared using a solid-state reaction
method. Inserting Li" into the lattice at the A site of SmFeOj; perovskite can affect the
crystal structure as well as the ionic conductivity. The experimental details for
synthesis method, characterization techniques and ionic conductivity measurements
are discussed in detail in chapter 3. The synthesised perovskites were characterised
by powder X-ray diffraction and SEM techniques and EIS was employed to measure
the lithium ionic conductivity for particular samples that were calcined twice at
1350°C for 6 h.

In this following sections, the experimental results and discussion for the first
group of lithium perovskite that obtained by the partial substitution of Sm> by Li" in
SFO perovskite are discussed in details. Through such a process, we have obtained a
lithium perovskite material that has higher lithium ionic conductivity than the
previously reported data and has a value of 4.60 x 107 S/cm when the lithium

concentration equals to 0.7.

4. 2. Experimental Method:

4. 2. 1. Synthesis of the Perovskite Materials:
Samarium lithium ferrite (SLFO) have been synthesized by a sintering method with
stoichiometric amounts of Li;COs (99%), Sm(NOs3);.6H,0 (99% REO crystalline)
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and Fe,03 (99.99% metals basis) or Fe(NO3);.9H,0 (ACS, 98.0-101.0%, crystalline).
All the materials were weighted to obtain the desired metal ratios, as given in table
(4. 1), and grinded together by an agate mortar and pestle to get a fine powder.
However, since Sm(NOs3);.6H,O and Fe(NO;);.9H,O release water upon grinding,
the fine powder is converted into a paste. The mixture is washed with a small amount
of distilled water, and then transferred to a crucible in order to eliminate the amount
of water by gently heating on the hot plate at 150°C for one day. After that, the
mixture is calcined at 800°C for 4 h with heating and cooling ramp rates of 5°C /min
to get a dry mixture. The dry mixture is ground and pressed into a pellet at 15000
pounds with a diameter of 25 mm and thickness between 2 to 3 mm. The pellet is
calcined for the second time at 800°C for 4 h with the same heating and cooling ramp
rates and then ground into a fine powder. After that, a small amount of the powder
was taken for XRD while the remaining powder was pressed into a pellet at 20000
pounds with a diameter 25 mm and a thickness between 1.5 to 2.5 mm. Then, the
pellet is calcined for the first time at 1100°C for 3 h with heating and cooling ramp
rates of 5°C/ min and then crushed into a fine powder. This step was repeated again
with the same conditions and also a small amount of the powder was taken from each
step in order to analyse the changes in the crystal structure using XRD. In addition,
the remaining powder from the calcination step of heating at 1100°C for the second
time was pressed into a pellet at 24000 pounds with a diameter of 13 mm and
thickness between 1 to 2 mm. The pellet is fired at 1350°C for 6 h with heating and
cooling ramp rates of 5°C/ min and then crushed again into a fine powder to measure
the characterization changes by XRD. The remaining powder was pressed into a

pellet with the same conditions for the last time and then calcined again at 1350°C for
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6h with the same heating and cooling ramp rates. The final sample was then used for

further analysis in SEM and EIS.

Table 4. 1: List of the Starting Materials in gram.

Perovskite Amount Li2C03 Sm(NO3)3.6H20 Fe(NO3)3.9H20 F6203
formula Synthesised
(8 (8 (8) (8) ()

Smy 1 Lig9FeO, 5 1.331 1.780 16.161 0
Smy,LiysFeO,, 5 1.060 3.190 0 2.862
Sm0_3Lio,7F602,3 3 0.504 2.605 0 1.561
SmysLiysFeO; 5 2 0.202 2.442 4.430 0
Smy ;Liy3FeO,; 3 0.124 3.464 0 0.892

4. 2. 2. Physical and Electrochemical Characterization:

4. 2. 2. 1. Powder X-Ray Diffraction (PXRD):

The crystal structure of the perovskite samples was identified using powder x-ray
diffraction. The Ultima IV X-ray diffractometer instrument !'! was operated at room
temperature for all the sample powders calcined at 800°C, 1100°C and 1350°C. The
powders were filled and pressed into the sample holder using a glass microscope
slide in order to get a flat surface. After that, the diffractograms were scanned in 26
from 20° to 70° at a rate of 0.02°/s with Cu Ka radiation (A=1.54 A). The diffraction
data is analyzed by Rigaku PDXL Software (Version 1.8.0.3) 'to determine the
phase composition of the perovskite structure. The lattice parameters were obtained

using a standard diffractogram of SmFeOs with code number of (01-086-1330) ! in
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order to define the effect of inserting lithium ion into the lattice.

4. 2. 2. 2. Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy:
Scanning Electron microscopy was employed to observe the microstructure
morphology of the pellets that were calcined twice at 1350°C for 6 h using a JEOL
JSM-7500F field emission scanning electron microscope (FE-SEM) .. (LEI) and
(COMPO) modes were used to compare the microstructure morphology of the
surface at low (2-3 eV) and high (15-20 eV) electron energies B The magnification
for both modes was set at 1000X and the image of the COMPO mode was analysed

using the EDS technique.

Furthermore, Energy Dispersive X-ray Spectroscopy (EDS) was also used in
combination with the (SEM) to establish the elemental compositions of particles
formed on the surface of pellet samples. However, this technique cannot detect the
amount of the lithium composition because it is a light element. Therefore, the results
of using this technique were not helpful to compare the elemental compositions for Li
perovskite but it was used determine the kind of elements that appeared at different

spots in the COMPO image.

4. 2. 2. 3. Ionic Conductivity Measurements:
The lithium ionic conductivity measurements were investigated for pellets that are
calcined twice at 1350°C using a Princeton Applied Research PARSTAT 2273

[/l \vas used in combination with this instrument

instrument '), Power suite software
to detect the impedance measurements using Nyquist plot, which present the

relationship between the real value of Z’ at x-axis and the imaginary value of Z’’ at
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y-axis for specific frequency range. Impedance measurements were performed at Ac
level of 10 mV rms in the frequency range of IMHz to 100 Hz.

Moreover, by using ZSimpWin software ™, the EIS data were fitted to an
equivalent circuit model [LRy(QR)gp], as shown in figure (4. 1) and table (4. 2)., to
determine the bulk resistance value (Rp) which is then used to compute the lithium

ionic conductivity from equation [4. 1].

ng
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Figure 4. 1: Geometry of the equivalent circuit [LR(QR)gp].

Table 4. 2: Randles Circuit Elements used in the model.

Equivalent element Description Impedance
L Inductance JjwL
R Resistance R
Q CPE (constant phase element) 1/ Y, w)*

Where j is the imaginary unit, @ = 2zfis the angular frequency, fis the frequency, Y
is the pre-factor of CPE and « is related to the frequency dispersion with the range of

0 to 1 the (& = 0 = Q = Resistance and a = 1 = Q = Capacitor)

The ionic conductivity (o) = ﬁ S.cm™?! [4.1]
b-
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Where [ is the thickness of the sample, Ry is the real resistance (bulk resistance), a is
the area of the pellet = r* x T, 1 is the radius of the pellet and 7 is a constant value

equals to 3.14.

4. 3. Results:

4. 3. 1. Powder X-ray Diffraction (PXRD):

Powder X-Ray diffraction was used to determine the phase composition of the Li
perovskite lattice (LSFO). It is seen that the crystal structure of the unit cell sets in
when the material is calcined twice at 800°C for 4h. However, it has a lot of impurity
phases (shown as small additional peaks), which can be reduced by increasing the
calcination temperature. So, the sample was calcined further at 1100°C and 1350°C
and a comparative study was done for all the calcination temperatures and their
corresponding PXRD patterns. The PXRD patterns obtained for different calcination
temperatures (800°C, 1100°C and 1350°C) at different concentrations of Li+ and
Sm3+ are presented in figures (4. 2 - 4. 6). From these figures, it is possible to
recognise the differences in the peak positions and shapes. For example, as the
temperature is increased from 800 C to 1100°C and 1350°C respectively, an impurity
phase in the perovskite samples that appears as a result of the preparation method is
reduced (e.g. peak labelled A in figure 4. 3 is present at 800°C and disappears for
the higher temperature diffractograms). Also, the shape of X-ray peaks becomes
sharper and narrower at 1350°C, which explain the effect of increasing the sintering
temperature on the crystal size ). Clearly, increasing the sintering temperature can

increase the grain size and decrease the grain boundary, which causes crystal growth.
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Figure 4. 2: The effect of increasing temperature on the peak position for

Smy ;LigoFeO,. 1, where * presents LiFeO,.
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Figure 4. 3: The effect of increasing temperature on the peak position for

Smy,LipsFeO,,, where * presents LiFeO, and A presents an impurity phase.
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Figure 4. 4: The effect of increasing temperature on the peak position for

Smy 3Lip7FeO, 3, where * presents LiFeO, and A presents an impurity phase.
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Figure 4. 5: The effect of increasing temperature on the peak position for

Smy sLipsFeO, s, where * presents LiFeO, and A presents an impurity phase.
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Figure 4. 6: The effect of increasing temperature on the peak position for

Smy 7Lio3FeO, .7, where * presents LiFeO, and A presents an impurity phase.

For a more clear comprehension of the perovskite structure in each of the
materials prepared, the spectra of all the perovskites obtained at 1350°C are
compared with the Standard SmFeO; perovskite and the LiFeO, in figure (4. 7).
Here, all the peaks present in the standard SmFeOjs perovskite are also observed in all
SLFO perovskites. As a result, the prominent phase of SmFeOs; is indexed in all
SLFO’s as an orthorhombic structure and a Pnma (62) space group. Moreover, the
lattice parameters of SLFO perovskites were obtained using this standard perovskite
as shown in table (4. 3). Nevertheless, five more peaks are observed in all
perovskites spectra at 20 = 30.44, 35.80, 37.52, 43.58 and 63.30, with intensities that
vary with Li content. The two peaks at 20 = 30. 44 and 35.80 have not been clearly
identified and perhaps correspond to additional planes by intercalated Li on SmFeO3,

since they do not correspond to known lithium compounds. The other three peaks at
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20 = 37.52, 43.58 and 63.30 suggests another separate phase of lithium iron oxide
(LiFeO,) (01-070-2711) "% labelled by (*) in figures (4. 2 - 4. 6). This is consistent
with the fact that reducing the amount of lithium that is inserted in the A-site for
SLFO perovskites also decreases the LiFeO, phase. Therefore, the crystal structure

consists of a mixture of orthorhombic and cubic phases.
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Figure 4. 7: Comparison of XRD patterns for the first group of SLFO perovskites
calcined at 1350°C with the Standard SmFeO; perovskite (01-0861330) and the
impurity phase LiFeO, (01-070-2711).

Figure (4. 7) shows a region of high intensity around 26=32° which is the
maximum intensity for all the perovskites. Hence, this peak is further analysed to
compare peak shifts between samples as represented in figure (4. 8). It is clear that

the diffraction peaks are shifted towards higher angle with inserting Li+ into the
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perovskite structure compared with the standard SmFeO; with 20 = 32.70, which
accepted to have lower density volume due the partial substitution of Sm (big atom)
with Li (small atoms). For Li+ concentration = 0.5, 0.7 and 0.8, the angle value is
increased as 32.72, 32,74, and 32.88 respectively. However, for [Li'] = 0.3 and 0.9
the same angle value is observed at 32.80. The result of these shifts is reflected in the
data presented in table (4. 3) for the lattice parameters and the volumes for each

perovskite after the correcting by the standard SmFeOs.
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Figure 4. 8: Zoom-in region for the XRD patterns of all samples fired at 1350°C and
the Standard SmFeO; perovskite (01-086-1330) and LiFeO, phase (01-070-2711).
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Table 4. 3: Present lattice parameters for the standard SmFeO; and the lithium

perovskite samples after the corrections using the standard.

Perovskite a (A) b@A) (@) Volume Tolerance

3
Formula (A% Factor (t)

Smy;LiosFeO,, 5584(6) 7.686(1)  5.373(9) 230.6(6) 0.852

SmysLipsFeOys 5598(2) 7.703(5)  5.395(4)  232.6(3) 0.875

SmFeO; 5.6001 7.7060 5.3995 233.01 0.913

From these results, it is possible to say that all of the samples contain two
phases (SLFO) and (LiFeO,). The presence of the LiFeO, phase is due to the
synthesis method. In addition, the peaks for each SLFO perovskite sample are shifted
to higher 20 value compared with the standard phase SmFeOs. This is due to the
replacement of Sm®" (big cation) with Li" (small cation) thus decreasing the unit cell
volume of the crystal. This shift is, within error, the same for all the peaks in the
XRD pattern, which confirms the stability of the perovskite. Moreover, it is possible
to check the stability of the perovskites using tolerance factor equation (t) as below:

rat+ro

L= Beprro)

(4. 2]

where 1,4 = ionic radius of the A-site, rz = ionic radius of the B-site and 7, = ionic

radius of oxygen ion



In the present work, tolerance factors were calculated using the bond lengths
between A cation and O anion (r, + 1) and between B cation and O anion (13 + 10).
For instance: the bond lengths between Sm-O, Li-O and Fe-O are 2.601 A, 2.385 A

and 2.015 A respectively. The bond lengths are calculated as the following equations

dg_o = 2.088 — 0.37 log (;:132) =2.601 4 [4.3]
x=1 Q

dy;_o = 1.466 — 0.37 log (y=12) =2.3854 [4.4]
x=3 2

dpe_o = 1.759 — 0.37 log (;) =2.015 4 [4.5]

Where 2.088, 1.466 and 1.759 are the recommended bond valence parameters for
Sm, Li and Fe, respectively "', 0.37 is an empirical constant and log (x/y) is the
logarithm of the ratio of the formal valence to the coordination number of A-site (12)
and B-site (6). The present calculations for the Goldschmidt tolerance factor (t) for
synthesised perovskites lie within a range of 0.75 to 1.0. Hence, the perovskites

synthesised in the present work are stable and can be used for practical purposes.

4. 3. 2. Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy:
Scanning electron microscopy produces an image with the help of secondary
electrons that gives the view of a three-dimensioned image. In this chapter, it is
utilized to observe surface morphologies of lithium perovskite pellets that were
calcined at 1350°C for 6 h. Figure (4. 9) presents the microstructure morphology of
SmyLi; «FeO, samples (at x = 0.1, 0.3, 0.3, 0.5 and 0.7). As seen in the figure, there

are no pores on the surface morphologies for all the perovskite samples. Cavities and
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cracks are observed, caused by a human error during the process of pressing the
pellets.

All the lithium perovskite samples are presented in two different modes (LEI
and COMPO) at 1000x magnification. From the (LEI) images, it is possible to see
different sizes of nanoparticles on the surface. The different morphologies suggest
two types of phases in the crystal structure and the (COMPO) images clearly show
the phase separation on the surface as light and dark particles. From the COMPO
images, it is possible to determine the change in terms of shape, size and amount of
the light and dark particles. For example, at x = 0.1, the amount of the light particles
are small and the space between them is large. However, as x is increased to 0.2 and
0.3, the size and the amount of the light particles are increased and the amount of the
impurity phase is decreased. While at x = 0.5, the dark and light particles have a
crystal shape (have angles) and the number of the light particles is more than the dark
ones. In case of x = 0.7, the light particles have larger size than the previous
perovskites particles and the intermediate spaces are greatly reduced. So, it is
assumed that, the light particles contain the Lithium perovskite phase and the dark
partials contain the LiFeO, phase. This assumption is confirmed through EDS
analysis performed for all samples. The results of the EDS analysis are presented in
table (4. 4). The dark areas on the image indicate the presence of Fe and O, while at
the light spots Sm, Fe and O are seen. This is consistent with the high atomic number
of Sm which has a large cross section for electron scattering. By the same token,
lithium cannot be detected using EDS because it is a light (small atomic number)
element. Increasing the Samarium concentration from x= 0.1 to 0.7 increases the

amount of the light particles in the COMPO image, which suggest that the light
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particles are based on the SLFO perovskite structure while the dark particles would

be primarily formed by lithium iron oxide.
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Figure 4. 9: SEM images for all SLFO Perovskites (Smyy Lijix) FeOa.) calcined at
1350°C for 6 h, a) and b) for x=0.1, c¢) and d) for x=0.2, e) and f) for x= 0.3, g) and h)
for x= 0.5 and 1) and j) for x=0.7. a, c, e, g, 1 obtained by LEI detection; b, d, f, h, j
collected by COMPO detection. Areas marked in red correspond to locations where

EDS measurements were performed.

Table 4. 4: EDS results obtained from COMPO images for the first group of SLFO.

Dark Area Light Area
Perovskite
Formula 0 -
Element Atomic % Element Atomic %
OK 76.41 OK 73.83
Smy i Liy9FeO;. Fe K 23.30 Fe K 12.63
Sm L 0.28 Sm L 13.54
OK 78.59 OK 79.60
Smy;LiosFeO;., Fe K 21.52 Fe K 10.95
SmL 0.11 Sm L 9.94
OK 78.17 OK 75.61
SmgsLiosFeO, Fe K 21.93 Fe K 12.45
SmL 0.10 SmL 11.94
OK 74.20 OK 74.60
Smy sLiysFeO; 5 FeK 25.43 FeK 12.99
Sm L 0.37 Sm L 12.41
OK 73.41 OK 69.49
Smy ;Liy3FeO;; Fe K 26.45 FeK 15.94
SmL 0.14 Sm L 14.57
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4. 3. 3 The Ionic Conductivity Measurements:

Most oxide perovskites are electrical insulators. However; they may allow charge
transport and therefore conductivity (particularly ionic) due to their tendency to
arrange with a large number of structure defects. There are different ways to explain
the conductivity in the perovskite, most commonly is the ionic conductivity. The
defect structure is due to the replacement of one or more atoms by either donors or
acceptors atoms. In this case, replacing Sm>” by Li" would increase the electrical
charge of the perovskite by +2 and change the electrical neutrality of the perovskite.
To preserve this electrical neutrality, oxygen ions leave the structure leaving behind a
large network of vacancies. The highly defective structure allows the rapid movement
of the small Li ions through the electrolyte. Hence, inserting Li" to the SmFeOj;
perovskite makes the perovskite conducting.

Impedance spectroscopy is considered as a beneficial technique to measure
the ionic conductivity since it can distinguish between different resistance
contributions such as bulk, grain boundary and electrode resistance. In the present
work, it was applied to measure the ionic conductivities for all the lithium perovskite
pellets that are calcined at 1350°C for 6 h using two similar carbon based electrodes
called Conductive Lift-N-Press Adhesive Tabs, Double Sided with 0.6% nickel and
<0.3% copper content. The measurements were performed in a frequency range from
1 MHz to 100 Hz and a sine wave = 10 mV amplitude at room temperature. The
experimental setup is previously presented in chapter 3.

The AC data was analysed by means of the Randles equivalent circuit
[LRp(QR)gp]. This equivalent circuit has been chosen because it is the best
equivalent circuits that match our actual AC data. Additionally, similar circuit

[LRp(QR)g] was used in many studies previously to measure the lithium ionic
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conductivity. However, this circuit did not match our AC data. Thus, C was replaced
with Q to introduce the behavior of the imperfect capacitor, which may appear as a
result of the distribution in some physical property of the system.

In figure (4. 10), it is possible to see the Nyquist plots of AC impedance
measurement for all SLFO perovskites. For all samples, just a curve portion data
were obtained in high and low frequency regions. Also, the fits in the figure below
are good for the high frequency but not for low frequency. This is due to the noise
appearing in the low frequency region for the actual AC data, which is attributed to

presence of the impurity phase LiFeO; in the perovskite samples.

[LRp(QR)gp] was used via the ZSimpWin software to investigate the bulk
resistance (Rp) and the grain boundary resistance (Rgp) for all SLFO samples. After
that, the values of the bulk resistance were employed to measure the lithium ionic

conductivity for each perovskite using equation [4. 1] as mentioned before.
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Figure 4. 10: Nyquist plots present the AC data measurement points in red color and

the calculated fitting curve in green color for the first group of lithium perovskites

SLFO calcined at 1350°C for 6 h.
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The value of R, is obtained at the high frequency for all the perovskite samples and
corresponds to the movement of the lithium ions in the bulk. However, for 0.9 mol of Li
concentration, it is difficult to obtain a valid value of Ry, in the high frequency region using this
equivalent circuit. This is due to the presence of enormous amount of the LiFeO, phase, which
obstructs the diffusion of the lithium ions inside the bulk. So, the value of the Ry, for this concentration
is arbitrarily assumed to be 0.01 as it cannot be zero or negative. The value of the Ry, cannot be
directly obtained from the actual AC data because the frequency range was limited to 100Hz.
Therefore the calculated data is interpolated to obtain a semicircle where the other end of the complete

plot gives the value of the Ry, The values of all the components of the equivalent circuit are given in

table (4. 5). In addition, table (4. 6) gives the calculated ionic conductivity for all the
perovskite samples. This is shown graphically in figure (4. 11) giving a comparison
between the lithium atomic concentration for the perovskites and the ionic

conductivities in (S/cm) that are calculated previously.
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Table 4. 5: The calculation components of the equivalent circuit.

Perovskite L’ Ry Qgp Rep

Formula

(Q.s) Q) (s/ ) ()

Smy,LiosFeO,,  1.10x10* 1428 2.73x107 8.25x10"

Rel. Std. Error (%)  4.43x10" 13.75 9.055 8.29x10’

SmysLipsFeO2s  1.03x107!8 450.7 7.15x107 8.22x10"

Rel. Std. Error %)  1.93x10"° 18.73 10.98 8.81x10

* This material was non-conductive. This resulted in a nonsensical error in the measurement of
resistances.

" Fitting of the inductance component is included here only for completeness, but the number of points
in the fitting and the intrinsic nature of this data produce very large errors.



Table 4. 6: The lithium ionic conductivity calculation.

Perovskite Real Pellet Pellet Tonic
Formula resistance thickness Radius Conductivity
7 (Q) (mm) r (mm) a (S/em). 107

Smo_zLi()_gFeOz,z 1428 1.84 6.133 1.09

SmysLipsFeO;s 451 1.29 6.033 2.50

Lithum Ionic Conductivity x 10-3(S/cm)
o [N N w S
i »r 1 N 1wt s

0.3 0.5 0.7 0.8 0.9

Atomic Lithium Concentration

Figure 4. 11: Lithium ionic conductivity in (S/cm) versus and atomic lithium
concentration for the first group of SLFO with formula of SmyLi;.\FeO,.y, where (x =

0.1,0.2,0.3, 0.5 and 0.7).



4. 4. Discussion:

The presence of the impurity phase of LiFeO, observed in the XRD patterns and
SEM images can affect the ionic conductivity of the lithium perovskites when the Li
concentration is changed from 0.3 to 0.9. It is seen that the perovskite has lithium
ionic conductivity for lithium ion concentrations from 0.3 to 0.8. However, the
lithium ionic conductivity becomes null for 0.9 Lithium concentration. Also, Using
different Fe sources during the synthesis for these perovskites, which are
Fe(NO3);.9H,0 and Fe,0s, did not show any influence in the results as presented in
previous sections. Thus, the presence of ionic conductivity for the Li concentrations
with values 0.3-0.8 is due to the small space between lithium perovskite particles that
help lithium ions to hop from one site to another. On the other hand, the LiFeO,
phase for 0.9 Li concentration builds larger spacing between the SLFO perovskite
particles that obstructs the mobility of the lithium ion inside the crystal. This impurity
phase is not showing any ionic conductivity since it is an electronic conductor .
Also, it is possible to confirm the ionic conductivity is coming form the SLFO
perovskites and not from the LiFeO, phase when Li concentration = 0.9 mol. This
perovskite shows no ionic conductivity although it has a large amount of LiFeO,. So
the ionic conductivity in these samples is coming from the SLFO perovskite partials
it is depend on the lithium ion concentration and the spaces between the perovskite
partials inside the sample.

The dependence of ionic conductivity on the Li" concentration for each
perovskite sample is summarized below:
Smy,1LipoFeO2.
Increasing the amount of lithium ions to 0.9 at the A-site is still giving the perovskite

structure of SmFeOs; family, but the amount of the secondary phase increases
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considerably. This results in huge spaces between the LSFO perovskite particles
preventing the conduction of the lithium ions.

Smy 2 Li.sFeO:.,

Adding 0.8 mol of the lithium ions and 0.2 mol of the samarium ions to the A-sites of
the perovskite structure is also giving a good ionic conductivity equals to 1.09 x 107
S /em. However, the ionic conductivity is less than the value for other perovskites
due to large amounts of impurity phases in the crystal structure.

Smy 3Lio.sFeO,.3

Inserting 0.7 mol of the lithium ions and 0.3 mol of the samarium ions at the A- sites
gives the maximum ionic conductivity of 4.60 x 10” S /em. The increased amount of
the lithium ions contributes towards the higher ionic conductivity of this perovskite,
and it appears that at this concentration the distance between equivalent Li sites
facilitates mobility.

Smy sLio.sFeO; s

Increasing the lithium concentration to 0.5 and reducing the samarium concentration
to 0.5 generates more mobile Lit+ in the crystal that further increases the ionic
conductivity of the perovskite. The value of ionic conductivity for this perovskite
material is 2.50 x 107 S /em.

Smy 7Lio.3FeO;

Adding 0.7 mol of samarium ions and 0.3 mol of lithium ions at the A-site increase
the number of conducting particles in the perovskite structure which gives good

lithium ionic conductivity having a value of 1.68 x 107 S /em.
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4. 5. Conclusion:

Chapter 4 presents the results and the discussion for the first group of the lithium
perovskite materials with formula of SmLi; FeO, (x= 0.1, 0.2, 0.3, 0.5 and 0.7).
The highest lithium ionic conductivity obtained was 4.60 x 10 S/cm for Li= 0.7,
which is larger than the lithium ionic conductivity for (LLTQO) as discussed in
chapter 1. The high lithium ionic conductivity is attributed to the increase in the
lithium concentration to 0.7, which means increase in the number and the mobility of
the charge carriers. In addition, the decrease in the lithium ionic conductivity after
raising the lithium concentration to 0.8 is due to the saturation of the lithium ions at
A-sites of the perovskite compared to samarium ions, hence reducing the number of
charge carriers. For 0.9 Li concentration, the ionic conductivity becomes non-existent

due to the huge amounts of the impurity phases in the crystal.
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Chapter S

Experimental Results and Discussion for the Second Group of

Lithium Perovskites (SLFO¥)

5. 1. Introduction:

As seen in the previous chapter, inserting Li" into the lattice at the A-site of the
SmFeO; perovskite can increase the ionic conductivity. For this reason, it would be
useful to consider the synthesis of a second group of lithium perovskite by inserting
Li" into the lattice and generating one or more vacancies at the A-sites of the
perovskite. The presence of vacancies in these perovskites can improve the ionic
conductivity because it allows the lithium ions to hop or jump easily from one site to
another when the system is operated 'l The general formula of this group is

SmyLi(1-x] - [0.1] or [0.2]) F€O3.5 (Where x = 0.3, 0.4, 0.5 and 0.6). These perovskites

have been synthesised and characterized using the same approach as discussed in
chapter 3. The synthesis and characterization procedures are kept similar to evaluate
the change in lithium ionic conductivity for both groups of lithium perovskites
(SLFO) and (SLFO*).

In the following subsections, the experimental results for the second group of lithium
perovskites will be discussed. The endeavour of the present work is to achieve the
highest lithium ionic conductivity for the second group. The perovskites for the
second group are obtained by the partial substitution of Sm’" by Li" in SFO
perovskite and then creating vacancies at the A sites using three different ways: 1)
stabilizing Sm ions at 0.3 mol and reducing the amount of Li ions by 0.1 or 0.2 mol;

2) stabilizing the amount of lithium ions at 0.3 mol and reducing Sm ions by 0.1 or

90



0.2 mol; 3) reducing both of Sm and Li ions by 0.1 mol. Through this process, the
highest lithium ionic conductivity is obtained for SmysLigsFeOs equals to 2.8%107

S/cm.

5. 2. Experimental Procedure:

5. 2. 1. Synthesis of the Perovskite Materials:

As mentioned in chapter 3, all of the samarium lithium ferrite materials with the
formula SmLigi- xj - [o.10r 02))Fe035 (where x = 0.3, 0.4, 0.5 and 0.6) were
synthesized using solid state reaction method (SSR). A measured amount of each
starting material, Li,CO; (99%), Sm(NOs3);.6H,O (99% REO crystalline) and
Fe(NO;);.9H,O (ACS, 98.0-101.0%, crystalline), was used to prepare these
perovskites, as shown in (table 5. 1). The balanced materials were then mixed
together in a mortar and transferred into a crucible to be heated on the hot plate at
200°C for 24 h. This step had to be done before the calcination step in order to
eliminate the water content in the starting materials. The dry mixture was calcined at
800°C for 4 h with heating and cooling ramp rates of 5°C /min and grained using the
mortar and pestle to get a fine powder. Then, it was pressed into a pellet with a
diameter of 25 mm and a pressure of 15000 pounds to obtain a pellet thickness
between 2.5 to 3 mm. The pellet was calcined in the furnace for the second time
under the same conductions. After the second calcination at 800°C, this pellet was
grained into a fine powder and then a small amount of the powder was used for XRD
measurement. The remaining powder was pressed again into a pellet at 20000 pounds
with the Press diameter of 25 mm to get a thickness between 2 to 2.5 mm. Then, it
was calcined at 1100°C for 3 h with heating and cooling ramp rates of 5°C/ min. The

calcined pellet was grained again into a fine powder then pressed under the same
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conditions. The pellet was calcined for the second time at 1100°C for 3 h with the
same heating and cooling ramp rates. It was further grained into a fine powder and a
small amount was used for XRD measurement. The remaining powder was pressed
into a pellet at 24000 pounds by the Press with a diameter of 13 mm to get the pellet
thickness between 1.5 to 2 mm. At the last, the pellet was calcined at 1350°C for 6 h
with heating and cooling ramp rates equal to 5°C/min. The calcined pellet was
grained into a fine powder and a slight amount was taken for XRD analysis. The
powder was pressed for the last time into a pellet at 24000 pounds with Press
diameter of 13 mm to obtain a pellet thickness that lies between 1 to 2 mm. The pellet
was calcined again at 1350°C for 6 h with the same heating and cooling rate
conditions and employed for SEM and EDS to study the structure morphology and

EIS to measure the ionic conductivity.

Table 5. 1: List of the Starting Materials in gram.

Perovskite Amount of the Li,COs Sm(NO;);.6H,O0 Fe(NO3);.9H;
formula material (g) (2 (2 O(g)
Smy 3Lip.cFeOs.5 5 0.5105 3.0715 12.9399
Smy 3LipsFeOs.5 5 0.6060 4.3742 13.2531
Smg 4Lip 4FeO3.5 5 0.4435 5.3313 12.1131
Smy sLio3FeOs_5 7 0.4216 8.4506 15.3610
Smy ¢Lip3FeOs.5 7 0.3897 9.3744 14.2050
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5. 2. 2. Physical and Electrochemical Characterization:

5. 2. 2. 1. Powder X-Ray Diffraction (PXRD):

Ultima IV X-ray diffractometer instrument *! and Rigaku PDXL Software (Version
1.8.0.3) P were used to determine the phase composition of crystal structure in the
perovskite samples. A glass microscope slide was used to press the fine powder into
the sample holder and get a flat surface. The XRD scattering for the sample was
measured in between 20°- 70°(20) at rate equal to 0.02°/s and Cu Ka radiation of
(A=1.54 A). Additionally, a standard diffractogram SmFeO; with code number of
(01-086-1330) ! was employed by Rigaku PDXL Software to obtain the lattice
parameters and to observe the effect of inserted lithium and generated vacancies in

the SmFeO; lattice.

5. 2.2.2.Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy:
The pellets were used to detect the microstructure morphology of the lithium
perovskites using a JEOL JSM-7500F field emission scanning electron microscopy
(FE-SEM) P!, Two different modes (LEI) and (COMPO) were used for the samples
in order to compare the surface morphology at different electron energies, (LEI =2 -
3 eV) and (COMPO = 15 - 20 eV) . The magnification for both modes was fixed at
1000X to get better image.

In combination with SEM, energy dispersive x-ray spectroscopy (EDS) was
applied for the COMPO images in order to distinguish the elemental composition
formed on the pellets surface. Though, the EDS results did not help in identifying Li
composition because of its lower atomic number. Thus, these results were used to
label the elemental compositions for the other elements Sm, Fe and O at different

spots existing on the surface.
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5. 2. 2. 3. Ionic Conductivity Measurements:

Princeton Applied Research PARSTAT 2273 instrument ! and power suite software
8] were used to measure the lithium ionic conductivity for the second group of
lithium perovskites. The impedance measurements were investigated at room
temperature with a specific frequency range between 1 MHz and 100 Hz with
sinusoidal wave amplitude of 10 mV. These measurements were interpreted to the
Nyquist plot where x-axis represents the real value of impedance Z’ and y-axis
represents the imaginary value of impedance Z”.

In addition, ZSimpWin software ! was used to fit the actual AC data with an
equivalent circuit model [LRy(QR)gp], figure (5. 1) , for all perovskites excluding
Smg 4Lip4FeOs.5. This perovskite cannot be fitted using [LRy(QR)gp] equivalent
circuit due to the presence of the two arcs in the AC actual data. Therefore, another
equivalent circuit was used, which is [LRp(QR)gh(QaiRcr)], figure (5. 2). The
meaning of every elemental parameter in the equivalent circuit is presented in table

(5. 2). The lithium ionic conductivity was calculated by applying the bulk resistance

in the equation shown below:
. .. ! _
The ionic conductivity (6) = — S.cm 1 [5.1]
b.

Where / is the thickness of the sample

Ry, is the real resistance (bulk resistance)
a is the area of the pellet = X
r is the radius of the pellet

T is a constant value equals to 3.14.
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Figure 5. 1: Geometry of the equivalent circuit [LR(QR)gp].
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Figure 5. 2: Geometry of the equivalent circuit [LR,(QRgp)(QaiReo)].

Table 5. 2: Randles Circuit Elements used in the model.

Equivalent element Description Impedance
L Inductance JjwL
R Resistance R
Q CPE (constant phase element) 1/ Y, w)“

Where j is the imaginary unit, @ = 2zf'is the angular frequency, f'is the frequency, Y;is the pre-factor
of CPE and a is related to the frequency dispersion with the range of 0 to 1 the (a = 0 = Q = Resistance

and a = 1 = Q = Capacitor)

5. 3. Results:
5. 3. 1. Powder X-ray Diffraction (PXRD):
PXRD was used to establish the effect of inserted Li ions and generated vacancies in

the SmFeOs lattice. For each lithium perovskite sample, the XRD patterns at different
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calcination temperatures (800°C, 1100°C and 1350°C) are presented from figure (5.
3) to figure (5. 7). As seen from the figures, the crystal structure of the unit cell
becomes arranged for the perovskite calcined twice at 800°C for 4 h. When the
temperature is moved up to 1100C, the x-ray peak at 20 = 28° is eliminated which is
an impurity in the perovskite samples corresponding to the preparation method. For
further increase in temperature to 1350°C, x-ray peaks become sharper and narrower
with reduced intensities of the refraction peaks. This happened because the atoms in
the crystal are undergoing thermal vibration about their mean position "%, Thus, the
size of crystal becomes larger due to the growth in grain size compared to the grain

boundary.

Counts (a.u)
g
1

. 800C

| B | : | ! I ! | N 1
20 30 40 50 60 70

2-theta (deg)

Figure 5. 3: The effect of increasing temperature on the peak position for

Smy 3Lig¢FeOs;.5, where * presents LiFeO, and A presents the impurity phase.
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Figure 5. 4: The effect of increasing temperature on the peak position for

Smy 3Lig sFeOs;.5, where * presents LiFeO, and A presents the impurity phase.
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Figure 5. 5: The effect of increasing the temperature on the peak position for

Smyg 4Lip4FeO;.5, where * presents LiFeO, and A presents the impurity phase.
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Figure 5. 6: The effect of increasing temperature on the peak position for

Smy sLig3FeO;.5, where * presents LiFeO, and A presents the impurity phase.
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Figure 5. 7: The effect of increasing temperature on the peak position for

Smy ¢Lig3FeOs;.5, where * presents LiFeO, and A presents the impurity phase.
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Furthermore, the comparison between all the x-ray spectra’s for the
perovskite samples calcined at 1350°C, and the standard SmFeO; perovskite are
presented in figure (5. 8). In this figure, all the peaks existing in the standard
SmFeOs perovskite also appear for all SLFO* perovskites. Therefore, the prominent
phase is indexed to be SmFeOs with an orthorhombic structure and a space group of
Pnma (62). Moreover, the lattice parameters for all SLFO* perovskites were
corrected using the standard SmFeOs; perovskite, as presented in table (5. 2).
However, two peaks at 260= 30.44 and 35.80 are observed which do not coincide to
any recognised lithium compounds peaks. They may correspond to additional planes
appearing as a result of inserting Li into SmFeOs lattice. Also, a separate phase of
lithium iron oxide (LiFeO,) (01-070-2711)"" is also observed at 20 = 37.52, 43.58
and 63.30 for SLFO* perovskite samples. Additionally, LiFeO, phase varies
depending on the different amount of lithium ions inserted into the A-site for SLFO*
perovskites. Hence, the SLFO* samples are composed of two phases, which are

orthorhombic and cubic phases.
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Figure 5. 8: Comparison of the XRD patterns for samples of increasing Li content fired at
1350°C with the Standard SmFeO; perovskite (01-086-1330) and LiFeO, phase (01-070-

2711).

In figure (5. 8), the highest peak around 26=32° presents the maximum
intensity for all the perovskites. The magnification of this peak shows the peak shifts
in SLFO* samples and the standard SmFeOs, as shown in figure (5. 9). In this
chapter, vacancy concentration in addition to lithium and samarium concentrations is
considered as the most important factor that effect the peak position. It is assumed to
increase the 20 value due to the vacancies in the crystal. Practically, most of (SLFO)*

show an increase in the 20 value to 32.72° for Smg¢Lig3FeOs.5, Smg sLig3FeO5.5 and
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Smy 4Lip 4FeO;.5 perovskites as compared to SmFeO3 (26 = 32.70°). In addition, the
value of 20 is further increased to 32.74° for Smg3LipcFeOs.s perovskite due to the
high amount of lithium ions (small ionic radii). On the other hand, Smy3LipsFeOs;.s
has huge shift to lower angle (26 = 32.60°), which is not easily explained by the high
amount of vacancy and Li compared to the low amount of Sm. So, the shift to higher
or lower angle value is not only due to the partial substitution of Sm with Li, but also
due to the presence of vacancies, which distorts the lattice and decreases or increases
the crystal volume, respectively, as seen in table (5. 3). In this table, the lattice

parameters and the volumes for each perovskite are corrected using the standard

SmFeOs.
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Figure 5. 9: Magnified region for the XRD patterns of all samples fired at 1350°C and the

Standard SmFeO; perovskite (01-086-1330) and LiFeO; phase (01-070-2711).
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Moreover, as mentioned in chapter 4, tolerance factor( t) is an important tool to check

the stability of the perovskite structure.

ratro

L= Boptro)

[5. 2]

Where 7, = ionic radius of the A-site, 1z = ionic radius of the B-site and r,, = ionic
radius of oxygen ion
The bound lengths of A-O and B-O that used to calculate tolerance factor are

listed in the following equations:

dg_p = 2.088 — 0.37 log (y":fz) = 26014 [5.3]
x=1 Q

dy;_o = 1.466 — 0.37 log (y=12) =2.385 4 [5.4]
x=3 2

dpe_o = 1.759 — 0.37 log (;) =2.015 4 [5.5]

Where 2.080, 1.466 and 1.759 are recommended bond valence parameters for Sm, Li
and Fe, respectively '*). 0.37 is an empirical constant and Log (x/y) =the logarithm of
the ratio between the formal valance and the coordination number of A-site (12) and

B-site (6). The results of these calculations are also given in table (5. 3).
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Table 5. 3: Present lattice parameters for the standard SmFeOs; and the lithium
perovskite samples after the corrections using the standard.

Perovskite A B C Volume Tolerance

Formula A) A) A) (A% Factor (t)

SmysLipcFeOss  5.594(7)  7.692(9)  5.393(8)  232.0(5) 0.776
Smy;LipsFeOsz5  5.606(9)  7.698(11) 5.412(14) 233.6(8)  0.692
SmyLipsFeOsz5  5.598(5)  7.702(7)  5.385(6) 2322(4)  0.700
SmysLipsFeOss  5.597(4)  7.704(6)  5.393(8) 232.6(4)  0.708
SmyeLipsFeOss  5.596(3)  7.701(4)  5.394(5) 232.4(3)  0.799

SmFeO; 5.6001 7.7060 5.3995 233.01 0.91

From XRD analysis, it is possible to prove the presence of the impurity phase
(LiFeO,), which appeared due to the synthesis method, beside the perovskite phase
SmFeO; in all SLFO* perovskites. In addition, the presence of vacancies and the
partial substitution of Sm (big atom) with Li (small atoms) change the peak position

to high or low angle compared with the standard phase SmFeOs. This variation in the

peak position is dependent on the vacancies, Li and Sm concentrations. The values of
computed tolerance factors are in between 0.75 and 1 when the vacancy
concentration = 0.1. This confirms the structure stability for the synthesised

perovskites and their suitability to be used for commercial needs. However, the

tolerance factor is less than 0.75 for the vacancy concentration of 0.2, thus,
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suggesting unstable perovskite structure for Smg3LipsFeOs;, SmgsLigsFeOs; and
Smy sLig 3FeOs.

5. 3. 2. Scanning Electron Microscopy & Energy Dispersive X-ray Spectroscopy:
Chapter 4 describes in detail the use of scanning electron microscopy to produce an
image with the help of secondary electrons to give a three-dimensioned view of the
image. It is employed here to observe surface morphologies of lithium perovskite
pellets calcined twice at 1350°C for 6 h. Figure (5. 10) presents the microstructure

morphology of SmyLi((1-x] - [0.1] or [0.2]) F€O35 (Where x= 0.3, 0.4, 0.5 and 0.6). These

images have similar results that were observed previously in chapter 4. The surface
morphologies contain no pores and these holes are produced by a human error during
the pressing process. In addition, theses lithium perovskites are presented in two
different modes, which are LEI and COMPO modes, with a magnification of 1000x
at room temperature. The LEI images show different size of nanoparticles on the
surface while the COMPO images show light and dark particles, which correspond
to two phases in the perovskite samples. Thus, LEI and COMPQO images confirm the
previous result observed by PXRD suggesting the presence of LiFeO, phase in these

pellets.

LEI mode COMPO mode
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Figure 5. 10: SEM images for all SLFO* Perovskites presented in LEI and COMPO
modes, a) and b) for Smg 3 LipcFeOs, ¢) and d) for Smy;LipsFeOs, €) and f) for

Sm0,4Li0,4FeO3_5, g) and h) for SmovsLi0,3FCO3_5 and 1) andj) for Sl’l’lo.6Li0.3FeO3.5. a, C,
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e, g, 1 obtained by LEI detection; b, d, f, h, j collected by COMPO detection. Areas

marked in red correspond to locations where EDS measurements were performed.

From the images shown in the above figure, it is seen that at 0.3 mol of Sm
and varying Li concentration to 0.5 and 0.6 mol, the surface morphology is
unaffected. The dark particles appear bigger for Li=0.6 than at Li =0.5, which means
there are more impurity phase in the former. The same result is also observed in
terms of the surface structure when Li concentration is stabilized at 0.3 mol and Sm
concentration is varied for 0.5 and 0.6 mol. However, the number of light particles
are more for Sm= 0.6 than Sm = 0.5, which confirms that the amount of the
perovskite phase is increased by increasing the Sm concentration. In the case of same
concentration of Li and Sm (0.4 mol) at the A-sites of the perovskite structure, the
surface morphology is completely changed and the particles almost have the same
shape. Even the COMPO image shows the particles in the same color assuming that
the impurity phase LiFeO2 is not detected by SEM. Conversely, the PXRD result still
shows the impurity phase in the form of small peaks when the lithium and samarium

have the same concentration in the perovskite.
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Table 5. 4: EDS results obtained from COMPO images for the second group of
SLFO*.

Dark Area Light Area
Perovskite (= o
formula Element Atomic % Element Atomic %
OK 80.46 OK 74.73
Smy 3Lio.cFeOs.5 Fe K 19.72 Fe K 13.63
SmL -0.18 SmL 11.64
OK 82.79 OK 70.04
Smy 3Lio.sFeO;.5 Fe K 16.85 Fe K 15.91
Sm L 0.37 Sm L 14.05
OK Non OK 75.09
Smy.4Lio.4FeO3.5 Fe K Non Fe K 12.52
SmL Non SmL 12.39
OK 79.28 OK 77.07
Smy sLig3FeO0;.5 Fe K 20.40 Fe K 11.33
SmL 0.32 SmL 11.60
0K 62.87 0K 45.57
SmogLio3Fe03.5 Fe K 36.82 Fe K 26.70
SmL 0.31 SmL 27.73

The EDS analysis is used to investigate the kind of elements in the light and
dark particles from the COMPO image. The result of this analysis is presented in
table (5. 4). It is assumed that the perovskite phase would appear as the light particles
since Sm scatter strongly because of its high atomic number and thus appear bright in
the images. While the impurity phase of LiFeOs is assumed to appear as the dark

particles because of the low atomic number of Fe as compared to Sm. However, as
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discussed in chapter 4, lithium element cannot be distinguished by the EDS technique

because of its lower atomic number

5. 3. 3. Ionic Conductivity Measurements:
Chapter 4 discusses that the ABO3 perovskites could allow the charge transport and
the conductivity because of the presence of the structure defects. The conductivity in
the perovskites can be defined as an ionic and/or an electronic conductivity
depending on the application that is used. In this chapter, the defects in the structure
of the perovskite is not only due to the replacement of one or more atoms with either
donors or acceptors atoms, e.g., replacing Sm>" by Li", but also from the creation of
vacancies in the A-sites. Theses vacancies are considered useful in increasing the
lithium ionic conductivity in the SLFO* perovskite since there are a large amount of
the unfilled vacant sites for Li ions to occupy and move freely.
The ionic conductivity measurements were determined using Electrochemical
Impedance spectroscopy technique. Such a technique is beneficial to measure the
ionic conductivity because it can distinguish between different resistance
contributions such as bulk, grain boundary and electrode resistance. In this chapter,
this spectroscopy technique was used to measure the ionic conductivities for all
SLFO* perovskite pellets calcined at 1350°C for 6 h using two similar carbon based
electrodes. The measurements were performed in a frequency range from 1 MHz to
100 Hz and a sine wave of (10 mV amplitude) at room temperature. The
experimental set up for this arrangement is presented in chapter 3.

The AC data was analysed by the mean of the Randles equivalent circuit
[LR,(QR)g], for all the SLFO* perovskites except Smy.4Lig4FeOs;.5. This perovskite

was analysed using another Randles equivalent circuit [LRp(QR)q(QaiRcr)] because
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its AC data has two semicircles and does not fits the first equivalent circuit
[LR,(QR),]. These circuits were used through the ZSimpWin software to investigate
the circuit composition for all SLFO* samples. In addition, the Nyquist plots of AC
impedance measurement data and AC impedance calculated data for all SLFO*

perovskite pellets are presented in figure (5. 11).
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Figure 5. 11: Nyquist plots present the AC data measurement points in red color and

the calculated fitting curve in green color for the second group of lithium perovskites

SLFO* calcined at 1350°C for 6 h.
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From figure (5. 11), it is possible to see different behaviour of these data
depending on the Li, Sm and vacancies concentrations. For example, when the Sm
concentration is stabilized at 0.3 and Li concentration is varied at 0.6 and 0.5, the
curves show different features. In the case of vacancies generated for 0.4 mol of both
Sm and Li concentrations, the AC measurement result shows two arcs for high and
low frequencies. The fitting process for this perovskite cannot be completed using
[LR,(QR)gp] equivalent circuit because of the presence of the second semicircle. As a
result, additional (QR) parameters are added to previous equivalent circuit to get
better fitting process which is [LR,(QR)gp(QaiRee)]. The third criteria for generating
vacancies as earlier discussed in this chapter is to stabilise the Li = 0.3 and vary the
Sm = 0.5 or 0.6. The curves for both perovskites in figure (5. 11. d) and figure (5.
11. e) show linear behaviour, which is expected since the amount of the lithium
concentration in both perovskites is the same.

Moreover, the values of the bulk resistance were obtained at high frequency
region while the values of the grain boundary were obtained, as discussed in chapter
4, using the AC calculated data for all SLFO* perovskites since they cannot be
directly obtained from the AC actual data. Thus, the calculated data is interpolated to
obtain a semicircle, especially for Smy 3Lip sFeOs3, Smg sLip3FeO3 and Smy ¢Lig 3FeOs.
The values of the component parameters in the equivalent circuits are provided in
table (5. 5). The Ry values were employed to calculate the lithium ionic conductivity
for each perovskite using equation [5. 1] and the results are given in table (5. 6).
Also, the comparison between the lithium concentration for the perovskites and the

ionic conductivities in (S/cm) that are shown in figure (5. 12).
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Table 5. 5: The calculation components of the equivalent circuit.

Perovskite L? Ry Qg Rgp Qu Re¢

Formula (@.s) @) (s/ Q) @ (s/ Q) @

Smy;LiysFeOs5 3.9x107'° 183 2.40x10°  9.74x10" Non Non

Rel. Std. Error (%)  1.40x10" 16.8 5.678 3.919x10° Non Non

SmosLiosFeOss 5 35.1017 6403 520%10° 1.39%10"  Non Non

Rel. Std. Error %) ¢ 93%10'7 5,177 2775 2.06x10°  Non Non

* Fitting of the inductance component is included here only for completeness, but the number of points
in the fitting and the intrinsic nature of this data produce very large errors.
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Table 5. 6: The lithium ionic conductivity calculation.

Perovskite Real Pellet Pellet Ionic
formula resistance  thickness Radius Conductivity
7’ (Q) [ (mm) r (mm) a (S/cm)

Smy;LiysFeO;.; 1.313 6.36x107

SmysLiy3FeO;.; 1.437 1.88x107

3.00E-02

2.50E-02

2.00E-02

1.50E-02

1.00E-02

5.00E-03

Lithum Ionic Conductivity (S/cm)

1.00E-06
Sm0.3 Li0.6 SmO0.3 Li0.5 SmO0.4 Li0.4 SmO0.5 Li0.3 Smo0.6 Li0.3

Atomic Lithium Concentration

Figure 5. 12: Lithium Ionic conductivity and atomic lithium concentration for
Sm(x)Li([l_x] —[0.17 or [0,2])FCO3_5 . where (X = 03, 0.4, 0.5 and 06)
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5. 4. Discussion:

In this work, SLFO* perovskites were synthesised using a solid-state reaction method
(SSR) and employing two ways to generate vacancies. The first way of creating
vacancies is by stabilizing the concentration of one of the cations (Sm or Li) and
varying the other one. This approach helps to understand the differences in adding
vacancies at the small atom (Li) site or the big atom (Sm) site. For example, at
Sm=0.3, Li=0.6 and 0.1 mol of vacancy concentration, the perovskite shows higher
conductivity with a value of 2.89 x 10 S/cm. While, when the Li concentration is
reduced to 0.5 and the vacancy concentration is increased to 0.2, the lithium ionic
conductivity is decreased to 6.36 x 10~ S/cm. However, this result is still much
higher than the ionic conductivity of other perovskites discussed in this chapter and
the previous one. In addition, stabilizing the amount of Sm at 0.3 and varying the
amount of Li to 0.6 and 0.5 is not changing the surface morphology much. However,
at lithium = 0.6, the dark particles in the SEM images look bigger than that at Li =
0.5, which means there are more impurity phase at lithium = 0.6. The same result is
also observed in term of the surface structure when lithium concentration is stabilized
at 0.3 and samarium concentration is varied to 0.5 and 0.6. The light particles in this
case are more at Sm= 0.6 than at Sm = 0.5, which confirms that the increase and the
decrease in the amount of the impurity phase and the perovskite phase depends on the
Li and Sm concentrations. However, the lithium ionic conductivity gives better result
for Sm = 0.5 (1.88 x 10” S/cm) than for Sm = 0.6 (1.80 x 10 S/cm). The lower
value of the ionic conductivity for SmgeLig3FeOs.; may be due to the low number of
vacancies. In addition, it is known that the Sm atom has a high atomic size, which

may take large space in crystal structure and thus hinder the movement of the lithium
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ions towards the electrodes. This may also be the reason for less ionic conductivity

for this perovskite.

The second way of generating vacancies is to create them at both lithium and
samarium sites of Smy4Lip4FeO;s and observe the effect it has on the perovskite
structure and the lithium ionic conductivity. In this case, the surface morphology is
changed completely with respect to the other perovskites studied in this chapter.
Also, the particles have almost the same shape, and show the same color in the
COMPO image. Conversely, the PXRD result still shows small peaks for the
impurity phase when the lithium and samarium have the same concentrations. The
lithium ionic conductivity for this perovskite is calculated to be 8.89 x 10™ S/cm,
which is the lowest lithium ionic conductivity among the second group of perovskites

(SLFO*).

5. 5. Conclusion:
In this chapter, the results and the discussion for the second group of the lithium
perovskite materials with formula of SmyLi(1-x] - [0.1] or [0.2]) F€O3.5 (Where x = 0.3,

0.4, 0.5 and 0.6) are presented in detail. The highest lithium ionic conductivity
obtained for Li= 0.6 and Sm= 0.3 is 2.89 x 10 S/cm at room temperature. This result
is higher than any previously reported value and than the ionic conductivity obtained
for the perovskites studied in chapter 4. The high lithium ionic conductivity value of
this perovskite is due to the large number of lithium ions (0.6) compared to samarium
ions (0.3) and the generated vacancies. These vacancies exceedingly contribute to the
conduction of lithium ions from one site to another. The amount of the impurity
phase does not affect the lithium ionic conductivity significantly since the space in

the lattice is adequate to permit the free movement of the lithium ions.
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Chapter 6

Conclusion and Recommendations

6.1. Conclusion:

In the present work, ten lithium ionic conducting perovskites were prepared using
solid-state reaction method (SSR). This synthesis is done by the partial substitution of
Sm’" with Li" in SmFeOjs perovskite. The synthesized perovskites were characterized
using different standard techniques to determine the crystal structure, surface
morphology and their ionic conductivity. A brief introduction on ABO; perovskite
type-oxides is presented in the first chapter. The second chapter emphasizes on the
lithium-air batteries and their important applications in different fields of rechargeable
batteries. This chapter also gives a review of recent literary works on the development
of basic components (anode, electrolyte, cathode) of these batteries. The synthesis
method and the characterization techniques employed for the preparation and analysis
of these perovskites respectively is discussed in Chapter 3 while results and the
discussion of the synthesised perovskites are described in Chapter 4 and 5.

The perovskites were divided into two groups depending on the existence of
vacancies at the A-site of the lattice. The first group of lithium perovskite SLFO is
prepared without vacancies to observe the effect of varying the Li and Sm
concentrations on the lithium ionic conductivity. The highest lithium ionic
conductivity that succeeded for this group of perovskites at room temperature is 4.60
x 107 S/cm for Smy;Lip7FeQ0,3. The value of highest lithium ionic conductivity
obtained for the first group of perovskites is good, however, it is expected that this

value would increase by creating vacancies in the perovskite lattice. This assumption
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is proved as the highest lithium ionic conductivity obtained for the second group at
room temperature is 2.89 x 10 S/cm for Smg;Lig¢FeOs.5. The ionic conductivity of
this perovskite is greater than the highest lithium ionic conductivity published
previously for lithium lanthanum titanate (LLTO). Thus, we can conclude that this
perovskite is a suitable candidate for the protective film and/or the electrolyte in

lithium-air rechargeable batteries.

6. 2. Recommendation:

Despite the highest lithium ionic conductivity obtained for SmysLip¢FeOss in this
work, there are still a number of challenges to overcome. The suggestions to solve the
current problems are as following:

* [t is reported that the impurity phase (LiFeO,) appears as a result of using solid-
state reaction method. So, changing the reaction method, for example, to sol-gel
method can eliminate any impurity phases and provide a pure perovskite phase in
the sample. Such a pure perovskite phase can provide higher ionic conductivity
more than what is realized until now.

* The lithium ionic conductivities for some perovskites are quite low. A good option
is to increase the sintering temperature to 1400°C or 1450°C, which can lead to
grain growth and thus increase the ionic conductivities.

* Varying the Li, Sm and vacancy concentrations can provide more lithium ionic

conducting perovskites.
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Appendix I

This section is added to present the additional information that was not included in the
rest of the document. In addition, it presents the oral presentation and poster

presentations that made during this period of study.

I. 1 List of perovskite materials:

In addition to the SLFO perovskites, there are number of perovskites-type oxides that
were prepared using solid-state reaction method. These perovskites, listed in table
[L.1], are not good candidates for lithium-air batteries because they show diferent
behaviors in terms of PXRD peaks, instability at high sintering temperatures and no
ionic conductivity. Moreover, another student (Faith Leroux) in the Giorgi lab worked
on the same group of SLFO perovskite with the aim to obtain single phases. She

successfully synthesized pure SLFO perovskites using sol-gel reaction method.
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Table L.1: List of the materials that prepared during this study period.

Number Perovskite Reason for not being used
formula
. The position of PXRD peaks is changed
1 CeysLio.sFeO,.;
completely by increasing the sintering temperature
. The position of PXRD peaks is changed
2 CeosLiosFeO;s
completely by increasing the sintering temperature
. The position of PXRD peaks is changed
3 Cey.7Lio3FeO:3
completely by increasing the sintering temperature
L The position of PXRD peaks is changed
4 Ce3LiosTiO27
completely by increasing the sintering temperature
Lo The position of PXRD peaks is changed
5 Cey.sLigsTiO25
completely by increasing the sintering temperature
L The position of PXRD peaks is changed
6 Ce7Lip3TiO23
completely by increasing the sintering temperature
Lo The pellet is melted after calcination at 1350°C for
7 Smy 3Lip.7TiO;.7
6 h
L Not show any ionic conductivity
8 Smy sLig.sTiO2.5
R Not show any ionic conductivity
9 Smy 7Lip3TiO23

I. 2 Oral presentations

* [ presented an oral seminar at the university of Ottawa as one of the requirements
to get the master degree. The seminar was about ABOs_s perovskite type-oxides as

cathode materials for intermediate temperature solid oxide fuel cells.
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I. 3 Poster presentations

* [ presented a poster showing results shown here in chapter 4 work at the Ottawa

Carlton Chemistry Institute day 2016.
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