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Abstract

Developing economical and highly efficient electrode material is crucial for water
electrolysis and supercapacitors associated with energy conversion and storage. For this
purpose, we successfully elaborated a new series of LaCo1xZnxO3 oxides (x = 0, 0.03, 0.05,
0.1, 0.2, 0.3 and 0.4) via a facile sol-gel route. We investigated, for the first time, their
structural, morphological and electrochemical properties for possible use as electrode material
toward oxygen evolution reaction and supercapacitor in a basic solution. Among the
developed materials, the LaCoo.9Zno.103 electrocatalyst displays a remarkable performance;
an overpotential of merely 327 mV is needed to generate a specified current density of 10
mA.cm?geo; a current density of around 73.41 mA.cm 2 at 450 mV, almost twice as high
compared to the pristine electrocatalyst; a faster reaction kinetic with a lower Tafel slope of
~92 mV.dec™! and an activity loss of less than 4 % after 24 hours of utilization. On the other
hand, the LaCoo.95Zn0.0503 electrode provides the best specific capacitance (300.47 F/g); this
is almost four times higher compared to the undoped electrode (75.36 F/g). The electrode
material also shows excellent capacitance retention of 85.73% after 5000 cycles at 5 A/g. In
addition, a hybrid supercapacitor with high energy density was constructed by combining
LaCo0.95Zn0.0s03 with activated carbon. The LaCo0.95Zno.0s03//activated carbon hybrid device
offers a high energy density of 36.12 Wh.kg™! at a power density of 390.35 W.kg™!. The device
is characterized by outstanding retention of the capacitance of 81% after being subjected to

5000 successive charge-discharge cycles.



Résumé

Le développement de matériaux d'électrode économiques et hautement efficaces est
crucial pour 1'¢électrolyse de I'eau et les supercondensateurs associés a la conversion et au
stockage de 1'énergie. Dans ce but, nous avons réussi a ¢laborer une nouvelle série d'oxydes
LaCo1-xZnxO3 (x = 0, 0.03, 0.05, 0.1, 0.2, 0.3 et 0.4) par une méthode sol-gel facile. Nous
avons ¢étudié, pour la premicere fois, leurs propriétés structurales, morphologiques et
¢lectrochimiques en vue d'une utilisation possible en tant que matériau d'électrode pour la
réaction d'évolution de I'oxygene et les supercondensateurs dans une solution basique. Parmi
les matériaux développés, l'électrocatalyseur LaCoo9Zno. 103 présente des performances
remarquables : une sur-potentiel de seulement 327 mV est nécessaire pour générer une densité
de courant spécifiée de 10 mA.cmge, ; une densité de courant d'environ 73,41 mA.cm 2 4 450
mV, soit presque deux fois plus ¢élevée que celle de 1'¢électrocatalyseur non modifié¢ ; une
cinétique de réaction plus rapide avec une pente de Tafel inférieure & ~92 mV.dec™' et une
perte d'activit¢ de moins de 4 % apreés 24 heures d'utilisation. D'autre part, 1'¢lectrode
LaCoo.95Zn0.0503 offre la meilleure capacité spécifique (300,47 F/g) ; c'est presque quatre fois
plus élevé que celui de 1'¢lectrode non dopée (75,36 F/g). Le matériau d'¢lectrode présente
également une excellente rétention de la capacitance de 85,73 % apres 5000 cycles a 5 A/g.
De plus, un supercondensateur hybride a haute densité d'énergie a été construit en combinant
LaCo0.95Zno.0s03 avec du charbon activé. Le dispositif hybride LaCoo.95Zn¢.0503//charbon
activé offre une densité d'énergie élevée de 36,12 Whkg! a une densité de puissance de
390,35 W.kg!. Le dispositif se caractérise par une rétention exceptionnelle de la capacitance

de 81 % apres avoir été soumis a 5000 cycles de charge-décharge successifs.
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General Introduction

1. Introduction

1.1. Hypothesis/Problem Statement

The number of people on Earth increased from 6.1 to 7.9 billion between 2000 and
2021 and could reach 10 billion by 2050. This sharp increase combined with the rapid
development of emerging countries is expected to lead to an increase in global energy
consumption by 2050. Currently, fossil fuels (oil, coal, natural gas) represent more than 80%
of total energy production in the world. However, these resources are limited, non-renewable
and their exploitation generates significant emissions of gas with the greenhouse effect which
contributes to climatic warming. These non-renewable resources will continue to be in
demand in the coming years as technology improves to make them more accessible. Despite
all this, fossil fuel reserves are becoming scarcer (about 50 years for oil) while global energy
demand is expected to be 40% higher than in 2007 by the 2030s, according to the

International Energy Agency (IEA).

In this context, the development of "renewable" and "alternative" energies for the
production of electricity (which remains the most easily transportable and distributable energy)
appears essential for the planet's energy future. Some countries, such as Germany, Canada,
Japan, the United States, France and China, have clearly stated their desire to reduce their
consumption of nuclear energy and coal by relying more on renewable energy, including solar
and wind energies. Technological innovations now make it possible to reduce the production
costs of these two sources, which can thus be brought into line with other energy sources

(renewable or non-renewable) such as nuclear, hydraulics, geothermal, etc.
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General Introduction

Besides production, another equal preponderance is the storage of this energy. Thus, the
field of research and development of energy storage devices is undeniably a hot topic. The
great challenge for future storage devices will be to provide both high energy and power
densities. The energy stored is in thermal form (thermodynamic solar farms), mechanical form
and chemical or electrochemical form (green hydrogen, supercapacitors, etc.).

One of the environmentally friendly energy sources is hydrogen, which can be
generated sustainably by utilizing water electrolysis (a resource that is abundant on our planet
given that 71% of its surface is covered with it). However, the efficiency of water electrolysis
is currently hindered by a significant overpotential of the anode side, which is attributed to the
oxygen evolution reaction (OER) [1]. The rate of a reaction is linked to the activation energy
barrier through a linear free energy relationship, and the presence of a catalyst can lower this
barrier [2]. The utilization of IrO> and RuO> in industries aims to decrease the overpotential
on the anode. Nevertheless, their expensive cost and limited availability have hindered the
widespread adoption of water electrolyzers [3].

The first question that arises after this brief summary is the following:

How to develop cheap and high-performance catalyst ("low overpotential" and "stable") to
hasten the reaction and overcome this stalemate?

The second category of energy storage systems is supercapacitors. They possess a
lengthy lifetime (up to several million cycles) and the ability to provide high power output in
a very short time. Moreover, they can discharge rapidly (in mere seconds) with an efficiency
exceeding 90%. However, their most significant drawback is their low energy density

compared with batteries [4]. In addition, the performance of supercapacitors is greatly
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General Introduction

influenced by the electrode materials employed. Researchers have dedicated extensive efforts
to investigate effective electrode materials that demonstrate high specific capacitance and
long-term cycling stability [5].

After this brief overview, a critical inquiry arises:
How can the energy density of supercapacitors be raised while maintaining their beneficial
features, such as extended lifespan and high power density? Stated differently, which devices
can be utilized to merge the benefits of batteries and supercapacitors?

Perovskite oxides (ABOs, where A denotes the alkaline and/or the rare earth metals and
B the transition metal) are viewed as potential materials for OER electrocatalysts and
supercapacitor electrodes because of their exceptional electronic structures, outstanding ionic
conductivities, excellent thermal stability [6], high catalytic activity and stability [7], in
addition to low cost [8]. In general, ions located at the A site are catalytically inactive, unlike
those at site B, although their properties do affect the stability of the perovskite material. The
existence of oxygen vacancies plays an essential role in improving the specific capacitance of
electrode materials and enhancing the OER catalytic activity [9, 10]. An effective strategy to
improve the oxygen vacancies is either to dope the A and/or B sites which produces a change
in the transition metal oxidation states, or to generate oxygen vacancies to compensate for the
charge [11]. LaCoOs3 has been known as an active and durable OER electrocatalyst [12] and
efficient material for supercapacitor electrodes because of multiple oxidation states of cobalt
atoms (Co?*, Co**, and Co*"), which supply excellent electrochemical redox properties [13,
14]. The impact of substituting cations A and B on the physicochemical properties (optical,

electrical, electronic, magnetic, catalytic, etc.) of perovskite materials has been widely
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researched in literature. Their electrochemical properties, particularly in OER and
supercapacitors, continue to be relevant due to the significance of these catalysts in the
industrial sector [15].
1.2.  Objectives and Scope

The aim of this thesis is to investigate the performance of perovskite-type materials,
particularly Co-based transition metal oxides, as both OER electrocatalysts and supercapacitor
electrodes in alkaline electrolytes. Initially, our goal is to investigate how the structure of
LaCoOs perovskite materials is affected by the introduction of zinc doping. Additionally, we
aim to assess the effect of zinc doping on the OER activity of these materials. Finally, we
intend to study how zinc doping influences the specific capacitance and the energy density of

these materials.

1.3. Dissertation Overview

The thesis is divided into four chapters:

e The first chapter is devoted to a bibliographical overview covering, on the one hand, the
background of mixed oxides of perovskite-type and, on the other hand, the
electrochemical properties, in particular for the application to energy conversion in the
form of water splitting and energy storage in the form of supercapacitors.

e The second chapter is dedicated to the description of the synthesis methods of the studied
materials as well as the characterization techniques used, with a theoretical presentation
and then a description of the conditions utilized during the analysis.

e The third chapter focused on the structural, morphological, textural and electro-catalytic

characterization of LaCo1xZnxO3 samples with high zinc doping concentrations (x=0, 0.1,
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0.2, 0.3 and 0.4) synthesized using the sol-gel method. The characterizations were
conducted by thermal analysis (DTA-TG); structural analysis by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy
(XPS); morphological and textural analysis by means of scanning electron microscopy
(SEM), laser particle size and N physisorption.  Lastly, we will report the
electrochemical analysis of the catalysts toward the OER using different techniques such
as linear sweep voltammetry (LSV), anodic Tafel polarization, electrochemical impedance
spectroscopy (EIS), and electrochemical stability by using chronopotentiometry (CP).

e The fourth chapter is devoted to the structural, morphological, textural and
electrochemical characterization of LaCo1xZnxO3 samples with low contents of Zn doping
(x= 0, 0.03, 0.05 and 0.1) synthesized using the sol-gel method. The characterizations
were carried out by means of XRD, FT-IR, XPS, SEM and N, adsorption desorption
isotherms. The electrochemical investigations of the synthesized material as an electrode
material for hybrid supercapacitors will be studied using different techniques such as
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and EIS.

Finally, as a general conclusion, we have reviewed the results obtained during this study and

have also proposed perspectives for an effective and efficient continuation of the work begun

in this thesis.
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Literature review
I.1. Generalities on mixed oxides

Mixed oxides are homogeneous solid phases comprising several types of metal cations
of different oxidation states. These metal cations bond with oxide ions (O?) to create
crystallographic structures with defined characteristics. They are classified into three families,
Perovskites (ABX3), Spinels (AB204), Pyrochlores (A2B207). The preparation methods,
chemical composition, and nature of the cations are essential factors to consider. The physical
properties of mixed oxides, including crystallographic structure, morphology, and specific
surface area, are influenced by the cations present, leading to notable changes in the materials'

electrochemical behavior.

I1.2. Perovskite structure

Around 1830, Gustave Rose, a geologist, first described perovskite, a precious mineral
composed of calcium titanate (CaTiO3) with a simple cubic structure. The name "perovskite"
is derived from Lev Aleksevich von Perovski, a Russian mineralogist. Nowadays, the term
perovskite refers to a group of compounds that share the same atomic arrangement ABXs.
Here, A denotes the alkaline and/or the rare earth metals, B the transition metal and X the
anion, which may include an oxide, fluoride, and, in some cases, chloride, bromide, iodide,
sulfide, or hydride). The interest in the perovskite oxides for many years has resulted from the
ease of changing the nature of the A and B cations present in the structure. Changes in these
elements lead to a change in the intrinsic properties of the material, leaving the door open to
all sorts of physical properties depending on the chemical and electronic nature of the A and B

atoms [1].
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1.2.1 The crystal structure

The perovskite structure, which is akin to the CatiO3 type structure, is the most
commonly found crystal structure among compounds with the formula ABO3. The ideal
perovskite structure is cubic in shape, possessing a space group of Pm3m, and can be
visualized as a series of uniform octahedra with oxygen ions situated at the apex. The center
of these octahedra contains the B cations, while the A cations occupy the centers of
cuboctahedral cavities (refer to Fig. I. 1). One reason why perovskite oxides can have
structures different from the ideal cubic structure is the presence of cations with varying ionic

radii, ionic charges, and electronegativity at the A and B sites.

GO0 A
- OB
é@@-@ i

Fig. 1. 1. Schematic representation of a lattice of the ideal perovskite structure.

1.2.2. Valence of A and B cations

The ABOs structure maintains a neutral overall charge. To achieve this, the sum of the
valence of cations A and B must equal (+6), in order to compensate for the three oxygen
atoms (-6). The valence state of cations A and B may differ among perovskites, resulting in
various configurations such as A'"B>*03%", A" B*'05%, and A**B**0s?". It is worth noting that
this representation of 6 electrons located on the oxygen atoms and 6 holes on the cations is
very simplistic, in fact, the charges are rather distributed throughout the entire structure and

redistributed in the system.
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1.2.3. Stability of the structure

To intuitively determine the existence and stability of a structure for a variety of ionic
radii, steric factors come into play. For example, the size of the B element must be large
enough to create octahedra with the oxygen and define the structure. The size of the A element
then becomes an important factor as its distortions within the oxygen framework may result in
a change in the structure's space group. Since the bonds between the oxygen and the atoms A
and B are iono-covalent, V.M. Goldschmidt formulated a stability condition, the so-called
tolerance factor t, which enables the radii of the cations A and B and of the anion O to be
related by the following relation [2]:

__r(4). r(0)
~ V2(r(B)-T(0))

(I.1)

Where r(A), r(B) and r(O) are the radii of the A, B and O ions respectively.

The ideal cubic perovskite structure is difficult to achieve since the conditions are very
demanding. Specifically, the radius of site A must be similar to that of oxygen, which is
approximately 1.40 A. Additionally, the ionic radius of site B must be (\V2-1). r(0).

The factor in question reflects the degree of symmetry deviation in the perovskite
structure, which arises from the inequality between the lengths of the A-O and B-O bonds. As
shown in Table. . 1, a t value of 1 corresponds to a cubic symmetry, whereas slight deviations
from 1 can give rise to a thombohedral distortion R3c, which involves a rotation of the BOs
octahedra around a specific direction [3, 4]. If t deviates further from 1 (0.86 <t < 0.9), the
polyhedron around the A ion becomes deformed, causing the B-O-B angles to decrease below
180°, resulting in the symmetry becoming orthorhombic (Pbnm). If t is less than 0.86, the

octahedral structure is replaced by pyramidal geometry, and the transition metal cation B
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adopts square planar coordination, which leads to the formation of fluorite-like layers.

Conversely, a hexagonal structure is obtained for t values greater than 1.

Table. I. 1. Different symmetries adopted by the perovskite structure as a function of the
tolerance factor t.

t value Observed symmetry
1 <0.85 Switching from perovskite to fluorite
0.85<t<0.9 orthorhombic
0.9<t<1 rhombohedral
t=1 cubic
1<t<1.06 hexagonal

It's important to note that the stability of the perovskite structure also relies on the
iconicity of the bonds, i.e. the structure is as stable as the bonds involved have a strong ionic
character [S]. This iconicity is proportional to the difference in electronegativity between the

cations and anions, which can be determined by calculating the average electronegativity:

3 Xa-0+XB-0
X = B —

(1.2)
where Xa-0 and Xg-o are the differences in electronegativity between the cations at sites A and
B and the associated oxygen.

Numerous materials with a perovskite structure demonstrate multiple polymorphic
modifications. For instance, the BaTiOs; oxide undergoes various transformations as the

temperature rises:

Rhombohedral < orthorhombic «» tetragonal < cubic.
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1.2.4. Defects in the crystals

Any deviation from the periodicity of the lattice or structure in a crystal is considered a
defect [6]. In fact, solids always contain defects. This can be attributed to either the laws of
thermodynamics (presence of thermal agitation at temperatures above absolute zero) or the
different treatments (quenching, irradiation, etc.) that they undergo to improve their properties
(such as electrical conductivity, strength, etc.) [7]. The goal is to control the nature and
quantity of defects as much as possible. In the context of our thesis, we will focus on point
defects as they are the most prevalent types of defects found in oxides. We can identify
various defects types in the case of a simple ordered AB crystal, as shown in Fig. I. 2.
Interstitial defect: when an atom of the lattice is located between other atoms in the same
lattice, it is referred to as a lattice atom. On the other hand, the presence of a foreign atom
among lattice atoms is also known as an interstitial solid solution.
Vacancy defect: a vacancy in a crystal occurs when an atom is missing. If the vacancy is
cationic, it results in a negative charge within the crystal.
Substitution defect: when a foreign atom is present in the place of a lattice atom, it is also
known as a substitutional solid solution.
Anti-site defect: in the case of an ordered crystal composed of multiple types of atoms with
strict chemical alternation, there can be anti-site defects, which occur when atoms are located
at lattice nodes but break the chemical regularity.
Electrical charge defect: crystal sites may exhibit a more negative charge (free electron) or a
more positive charge (electron hole) than other sites of the same type.

Schottky defect: represents an association of anionic and cationic vacancy in ionic crystals.
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Frenkel defect: an atom leaves its normal position and takes an interstitial position. In the

case of an ionic crystal, only cations can do this because they are smaller than anions [8].

i
i

(a) perfect lattice (b) interstitial impurity

£
i

(c) cation vacancy (d) anion vacancy

i
i

(e) substitution of cation (f) substitution of anion

i
i

(2) B antisite defect (h) Ag antisite defect

i) Schottky defect j) Frenkel defect

Fig. 1. 2. Examples of different types of defects that could occur.
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1.2.5. Mechanism of defect diffusion

Vacancy mechanism: this is the most frequent mechanism of diffusion. In fact, vacancy-type
point defects are prevalent in many types of solids, including oxides and sulfides. As
presented in Fig. . 3, it involves the movement of a specific atom, located near a vacant site,
to occupy that site. As a result, vacancy is transferred to the site that was previously occupied
by the migrated atom. This migration process preserves the total vacancies number [9].
Interstitial mechanism: an interstitial atom moves from one interstitial site to another, it is
considered a point defect where the successive jumps are uncorrelated. This is known as the
direct interstitial mechanism and is common for atoms that are normally found in interstitial
solutions. However, if the identified atom can be located in both substitutional and interstitial

positions, an indirect interstitial mechanism is also possible [8, 10].

00
©0
¥ ©
©0
©0
5

©0
o
o

O
O
O
O

00 ©

Interstitial

—)

direct

\/

_ 0000 ©
oo 00

©¢ 0000 o000
.00 0000 00
'@ © 0000 00O
00 0000 ©C0 00

Interstitial o

-OOOO
Q0O Q @ Nldirect @ O OO0

Fig. 1. 3. The vacancy and interstitial mechanisms.

o
o
o
o
o
o
o
o
o
)
o

000 0000 ©
00 0000 ©

0.0 O

Page | 16



Chapter I: Literature Review

1.2.6. Properties of perovskite-type material

Due to their properties, the perovskite materials are of considerable technological
importance covering a very broad range of practical applications. Notable is the discovery in
the 1940s of the ferroelectric properties of barium titanate (BaTiOs3) used in electronics for
capacitors and transducers. In the mid-1980s, the first high-temperature superconductor was
discovered, lanthanum barium copper oxide and, in 1987 Nobel Prize in physics, was awarded
for this discovery.

As of 2012, perovskites have been identified as possible inexpensive base materials for
high-efficiency commercial photovoltaics, and perovskites also have optoelectronic properties
such as strong light absorption and facilitated charge transport. Some of perovskites’ typical
properties are ferromagnetism, piezoelectricity, electrical conductivity, superconductivity, ion
conductivity, magnetism, catalytic properties, supercapacitor electrode materials, and optical

properties [11].

1.3. Applications

The literature provides numerous examples of cationic substitutions made at the A
and/or B sites of the perovskite structure, with the idea of improving the initial structural,
catalytic and electrochemical properties of the material, both in the general framework of
solid-state chemistry than that, more specific, of the search for new materials for water
electrolysis and electrochemical supercapacitor applications which are the objectives of

this thesis.
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1.3.1. Water electrolysis
1.3.1.1. Brief historical overview

Water electrolysis, the process of using electricity to split water molecules into
hydrogen and oxygen gases, has a fascinating historical evolution. The discovery of water
electrolysis is often attributed to the work of two scientists, William Nicholson and Anthony
Carlisle, in the late 18th century. In 1800, they independently observed that passing an electric
current through water resulted in the production of hydrogen and oxygen gases.

Throughout the 19th century, scientists and inventors made significant contributions to
the field of electrolysis. Michael Faraday's research on electrolysis laid the foundation for our
understanding of the quantitative relationship between the amount of substance liberated
during electrolysis and the electric current passed through the electrolyte. Faraday's laws of
electrolysis, established in the 1830s, became fundamental principles in electrochemistry.

The industrial applications of water electrolysis began to emerge in the mid-19th
century. Electrolysis cells were used to produce various chemicals and metals on a large scale.
Notably, the development of the mercury cell, also known as the Castner-Kellner cell, allowed
for the production of chlorine and sodium hydroxide through the electrolysis of saltwater.
This became a vital industrial process, especially in the production of bleach and other
chlorine-related compounds.

In the 21st century, water electrolysis has experienced a resurgence of interest due to
the growing focus on renewable energy and the potential of hydrogen as a clean and
sustainable fuel source. Electrolysis powered by renewable electricity, known as "green

hydrogen," has gained significant attention as a means of storing and utilizing excess
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renewable energy. Governments, industries, and researchers worldwide are investing in the
development and deployment of advanced electrolysis technologies to support the emerging
hydrogen economy.

At last, ongoing research and development aim to further improve the efficiency,
affordability, and scalability of electrolysis technologies, paving the way for a future powered

by clean and renewable energy sources [12].

1.3.1.2. Fundamental principles
An electrolysis cell consists of two electrodes, namely the anode and cathode, which are
connected to a direct current (DC) power supply. These electrodes are separated by an

electrolyte, which acts as an ionic conductive medium (Fig. [. 4).

Hzﬂ » 02

Cathode
\_ Electrol

Fig. 1. 4. Schematic representation of an electrolyzer cell
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Two crucial factors influence the type of electrolysis technology used: temperature and
pH. These technologies are categorized based on temperature into three groups:
low-temperature processes (below 150 °C), medium-temperature processes (between 200 °C
and 600 °C), and high-temperature processes (above 600 °C) [13]. We will focus on the one

that will be studied in this thesis: low-temperature processes.

1.3.1.3. Low-temperature electrolysis
Low-temperature processes employ two different mediums: acidic medium (with a pH
of approximately 0) and alkaline medium (with a pH of approximately 14) [13]. we will

concentrate on the one that will be studied in this thesis: alkaline electrolysis.

1.3.1.3.1. Acidic electrolysis

In the late 1960s, the development and commercialization of this technology began. It
utilizes a solid polymer electrolyte membrane that can exchange protons (PEM), with
Nafion® being a well-known example. As presented in Fig. 1. 5, the solid electrolyte is
sandwiched between two electrodes, which consist of a catalytic layer. The stack is then
immersed in pure water. Noble metals such as platinum on the cathode side and ruthenium
and/or iridium oxide on the anode side serve as catalysts for the hydrogen and oxygen
evolution reactions, respectively. This technology enables achieving current densities of 1 to 2
A.cm? with a cell voltage below 1.8 V and has a lifespan exceeding 25,000 hours. However,
the use of noble metals makes it costly, and their limited availability hampers large-scale

implementation [13, 14].
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Fig. L. 5. Schematic representation of PEM electrolyzer

1.3.1.3.2. Alkaline electrolysis

Since its discovery in 1789, alkaline electrolysis has evolved into a well-established

process extensively utilized by various industries [15]. In this process, the electrodes are

submerged in an aqueous solution containing potassium hydroxide, and the concentration

varies based on temperature (typically ranging from 25% by mass at 80 °C to 40% at 160 °C).

A diaphragm is employed to separate the gases generated by the electrolysis (Fig. [. 6).

However, since the diaphragm is not entirely impermeable to gases, the resulting gas mixture

can create potentially hazardous conditions in terms of flammability as well as explosiveness

[16]. The current densities achievable in this setup are limited, typically ranging from 0.2 to

0.4 A cm™, due to the Ohmic drop across the diaphragm and the liquid electrolyte [17].
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Fig. 1. 6. Schematic representation of an alkaline electrolyzer

% Alkaline electrolyzer

In recent years, the advancement of anion exchange membranes has led to the
development of a novel system known as the anion exchange membrane electrolyzer (AEM)
[13, 18] (refer to Fig. I. 7). This innovative system opens up the potential to achieve current
densities surpassing 1 A.cm™ while maintaining a cell voltage below 2 V, making it a strong
contender in performance compared to proton exchange membrane electrolyzers. Moreover,
unlike proton exchange membrane (PEM) technology, the alkaline system allows for the
utilization of thermodynamically stable transition metal-based catalysts that are well-suited

for the operational conditions.
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Fig. 1. 7. Schematic representation of an AEM electrolyzer.

1.3.1.4. Electrochemical reactions in water electrolysis

During the process of water electrolysis, two reactions occur: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). Electrocatalysis results from the
combined effect of electrode potential and catalytic properties of the material, enabling a
reduction in the activation energy of electrochemical reactions. The first aim of this thesis is
to explore the development of perovskite-based materials for catalyzing the reactions involved
in this system. The subsequent section of this literature review will provide a comprehensive
analysis of the reaction mechanisms and the underlying factors contributing to the kinetic
limitations of the electrochemical reactions. These kinetic limitations are observed as

electrode overpotentials, as depicted in Fig. I. 8 and Equation 1.3 [19].
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where n (V) is the overpotential, E is the electrode potential (V vs. ERH (reversible hydrogen

electrode) and Ecq is the equilibrium potential of the O2/OH- redox couple (1.23V vs. ERH).

The overpotentials are most pronounced for the OER compared to the HER (refer to
Fig. L. 8-red curve), which in turn restricts the electrical performance of existing electrolyzers.

Oxygen evolution reaction
Ideal 40H- — O, + 2H,0 + 4e-

3, N

B
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Hydrogen evolution reaction
2H,0 + 2e~ — H, + 20H-

Fig. 1. 8. Polarization curves of the hydrogen evolution reaction (in blue) and the oxygen

evolution reaction (in red) in an alkaline environment.

This reaction, which involves multiple steps with coupled proton-electron transfers, is
highly complex. The utilization of catalysts significantly lowers the activation energy of the
reaction. Nevertheless, the overpotentials related to the OER process remain elevated. In the
case of an ideal catalyst, the overpotentials would be zero [20], indicating that the material

would be capable of activating the OER near the equilibrium potential of the O2/OH™ couple
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(1.23 V vs. RHE). To develop such a catalyst, it is imperative to comprehend the theoretical
origin of the observed overpotentials during the oxygen evolution reaction. J.K. Norskov's
research team conducted theoretical calculations, postulating the involvement of three
oxygen-containing reaction intermediates (-OH, -O, and -OOH) in the OER process (refer to
Fig. 1. 9), in order to investigate the source of the overpotentials at the surface of catalytic

materials [21, 22].

5} ——— Ideal catalyst 2
—— Real catalyst
-OOH

E=0V vs.RHE |

E (eV)

E =123V vs.RHE |
HO - T T 7

Reaction coordinates
Fig. I. 9. Free energy diagram at zero potential (solid lines) and at 1.23 V vs. RHE (dashed

lines) for the "ideal" catalyst (in red) and a real catalyst (in blue).

When the electrode potential is at 0 V vs. RHE, the transition between different
intermediates necessitates a 1.23 eV change in free energy in the case of an ideal catalyst
(refer to Fig. 1. 9-red curve). Hence, a 1.23 eV energy gap is required to shift from one
intermediate to another. As a result, applying an electrode potential of 1.23 V vs. RHE enables

a spontaneous reaction (characterized by a flat energy profile).
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In the case of a real catalyst (refer to Fig. I. 9-blue curve), the energy difference for
transitioning between intermediates differs from the ideal value of 1.23 eV. Consequently, to
achieve a flat energy profile, it is necessary to apply an electrode potential that deviates from
the redox potential value of the O>/H>O couple. This disparity is the fundamental reason
behind the observed overpotentials during the OER. According to studies conducted by
Rossmeisl et al. [23, 24], the energies of bonding between different oxygen-containing
intermediates are interconnected and influenced by the adsorption energy of atomic oxygen
on the catalyst's surface. These adsorbates are all connected through an oxygen atom bound to
the catalyst's surface. Any changes in the bonding energy of one intermediate consequently
affect the bonding energies of other reactive intermediates. Calculations carried out by M. T.M.
Koper [25] have demonstrated that the energy difference between the bonding energies of the
-OH and -OOH intermediates exceeds the ideal value of 1.23 eV. As a result, significant
overpotentials occur at the surface of catalytic materials when following the reaction
mechanism proposed by Norskov et al. [21, 22] for the OER.

In the study conducted by Norskov and colleagues [21, 22], they propose a limited number of
three reactive intermediates. However, several articles have indicated the involvement of
additional reactive intermediates, particularly those of the -OO type, suggesting that the
scaling relations described by Norskov et al. are only partially accurate.

Fig. I. 10 represents the multi-step mechanism of the OER in both acidic and alkaline
environments, in the presence of an active site (S). While there are similarities in the proposed
mechanisms found in the literature, there are also divergences, primarily concerning the

formation of molecular oxygen [26].
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Fig. I. 10. Reaction mechanisms of OER in an acidic environment (yellow arrows) and in an
alkaline environment (blue arrows). The gray arrows correspond to an associative mechanism,

and the purple arrows represent a dissociative mechanism [26, 27].

By altering the inherent properties of catalytic materials, it becomes possible to
decrease overpotentials and enhance the kinetics of the OER. Until now, the majority of
studies on catalysts for the OER have been conducted in alkaline environments due to the
lower stability of non-noble metals, which are the constituent materials, in acidic conditions.
Numerous materials have been developed, including oxides [28], hydroxides [29], layered
double hydroxides (LDH) [30], metal-organic frameworks (MOFs) [31], and
heteroatom-doped compounds [32]. Furthermore, Perovskite-type oxides (ABO;3) are
anticipated to be one of the most promising alternate catalysts for the OER. A brief

background about using this type of catalyst is provided in chapter three.
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1.3.1.5. Applications of green hydrogen
The development and utilization of green hydrogen are attracting growing interest from
a widening range of developers and manufacturers. With continuous improvements in
performance, hydrogen is finding increasing applications across sectors (Fig. . 11):
> Energy Storage: hydrogen can be used as a means of energy storage, helping to balance
the intermittent nature of renewable energy sources. Excess renewable energy can be used
to produce hydrogen, which can be stored and converted back to electricity when needed.
» Fuel for Transportation: hydrogen can be used as a clean fuel for various modes of
transportation (cars, buses, trains, and ships), providing zero-emission transportation.
» Industrial Processes: Green hydrogen can be utilized as a feedstock or fuel in various
industrial processes, such as ammonia production, methanol production, refineries, and

steel manufacturing. It can replace fossil fuels, reducing greenhouse gas emissions.

Fig. I. 11. Some applications of green hydrogen.
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1.3.2. Electrochemical supercapacitor (ESC)
1.3.2.1. Brief historical overview

The technology of capacitors originated with the invention of the Leyden jar
(1745-1746), which comprised glass containers containing a metal foil (Fig. I. 12) [33]. The
metal foil acted as an electrode, while the jar functioned as a dielectric. In the charging
process of the device mentioned above, one electrode accumulated positive charge (+), while
the other electrode accumulated negative charge (-). Connecting these charges using metal

wires initiates a discharge process.

Fig. I. 12. the Leyden jar.

However, the understanding of static electricity storage did not emerge until the
introduction of the electric double layer model, which was initially proposed by the German
physicist Helmholtz in the 19th century (Fig. I. 13). Helmholtz emphasized that the presence
of static electricity at the interface between the electrode and the electrolyte leads to the

formation of two closely charged layers, each carrying equal but opposite charges, with a
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distance approximately equal to the diameter of an atom. Subsequently, Gouy, Chapman, and

Stern further developed the Gouy-Chapman and Stern models based on Helmholtz's original

model.
&P
& '/ «al l l l l
Leyden jar Gouy-Chapman model | First EC patent by GE | Supercapaciter development program Research into ECs

| initiated by the DOE dramatically increased

Pseudocapacitance The development of asymmetric
‘ discover in RuO, and hybrid supercapacitors

Helmholtz model | Stern model

Fig. 1. 13. Historical chronology of the development of supercapacitors.

In 1957, Becker was granted a patent for the first supercapacitor (EDLC) that utilized
activated carbon as an electrode plate [34]. The EDLC operates with static charge storage
(non-faradaic), meaning there is no transfer of charge between the electrode and the
electrolyte. This characteristic contributes to its high reversibility and stability. Following
Becker's work, the company Sohio, located in Cleveland, Ohio, also employed a carbon
material with a large surface area for double-layer capacitors. These capacitors utilized a
non-aqueous solvent electrolyte that contained dissolved Tetramethylammonium salt. By
using this setup, they were able to achieve a higher operating voltage (3.4~4.0 V) compared to
aqueous electrolytes, thanks to the higher decomposition voltage of the non-aqueous
electrolyte. Consequently, these capacitors could accommodate higher charge densities and
provide greater specific energy storage. This is because the energy that can be stored increases

with the square of the attainable charging voltage.
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In order to enhance the specific capacitance of SCs (Supercapacitors), Trasatti et al.
made a significant finding in 1971. They developed a novel electrochemical capacitor
utilizing a RuO> film that operates through the Faraday process, referred to as a
pseudo-capacitor [35]. This discovery introduced a fresh approach to improve the charge
storage capacity of electrochemical capacitors. Subsequently, from 1975 to 1980, B. E.
Conway conducted thorough research on pseudo-capacitors using RuOx.

In 1989, the US Department of Energy (DOE) initiated long-term research with the goal
of developing high-energy-density supercapacitors specifically for electric propulsion systems.
This research was part of the DOE's program for electric and hybrid vehicles. Subsequently,
Maxwell Technologies, a prominent manufacturer in the supercapacitor industry, entered into
a contract with the DOE to develop high-performance supercapacitors. These advanced
supercapacitors were intended to complement batteries or fuel cells in electric or hybrid
vehicles, enabling them to capture regenerative braking energy and release electric energy for
acceleration. Since then, supercapacitor companies worldwide, such as Nesscap (Korea),
ELTON (Russia), Nippon Chemicon (Japan), and CAP-XX (Australia), have made significant
progress in the development and delivery of various types of supercapacitors, including
EDLCs, pseudo-capacitors, and asymmetric supercapacitors, for a wide range of applications.

Starting from the year 2000, there has been a notable rise in research concerning
supercapacitors due to the growing need for high-power, reliable, and safe energy storage
solutions. Alongside this, the rapid progress in nanoscience and advanced characterization
technologies has played a crucial role in the development of Electric Double-Layer Capacitors

(EDLCs) and pseudo-capacitors. These advancements have paved the way for extensive
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research focused on the charge storage mechanism to further enhance their capabilities.
1.3.2.2. Fundamental principles

Typically, an ESC storage device comprises a pair of electrodes (collectors with active
materials), an electrolyte, and a separator (Fig. I. 14). The two electrodes are impregnated

with the electrolyte and electrically insulated by the separator which is designed to enable ion

mobility.
i a \\
Electrolyte Collector
Active material
Fig. 1. 14. Schematic representation of a supercapacitor cell.
1.3.2.2.1. Current collectors

Current collectors play a crucial role in facilitating the flow of electrons between the
electrode material and the external circuit. Notably, the resistance at the interface between the
current collector and the electrode material may substantially contribute to the internal

resistance [36]. In order to reduce the internal resistance of the device, it is essential to choose

Page | 32



Chapter I: Literature Review

a material that is an exceptional electronic conductor, exhibits chemical and electrochemical
stability towards the electrolyte, and has the lowest possible volumetric mass. Moreover, the
current collector may act as a framework to support the electrode material, necessitating
excellent mechanical stability and maximum flexibility. Hence, ensuring an intimate contact
between the electrode material and the collector is critical.

Aluminum is commonly used as the material of choice, particularly for non-aqueous
devices, due to its lightweight nature, stable surface condition owing to a thin, alumina
passivation layer, and its high conductivity (37,7.10° S/cm), which makes it an excellent
candidate for current collectors. In situations where aluminum is not compatible with the
device or its operating conditions (due to the issues such as corrosion, alloying, etc.), it can be
substituted with metallic nickel or copper, or stainless steel alloys [37].
1.3.2.2.2. Separator

The separator typically is a membrane that can be distinguished by its level of porosity,
tortuosity, and wettability with regard to the electrolyte. The wetting behavior of the
membrane is also a crucial factor in mitigating resistance at the interface between the
electrolyte and separator [38]. The supercapacitor's internal resistance is mostly caused by the
[porous membrane + electrolyte] system, accounting for more than 30% of the overall
resistance [39]. To enhance the [porous membrane + electrolyte] system's conductivity, the
separator's porosity and chemical composition must be adjusted to match the electrolyte. The
tortuosity of the separator should be minimized while preserving its mechanical strength.
Celgard® separators are currently the most prevalent membranes used in supercapacitors.

These separators are made up of either a single layer of polypropylene (PP), polyethylene
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(PE), or triple layers of PP/PE/PP. However, other types of membranes are also employed,

such as:

e Cellulosic papers are highly hydrophilic and are therefore favored for use in aqueous
systems [40].

e Membranes made of polyvinylidene fluoride and its copolymer derivatives are preferred
for high-temperature applications or for use with electrolytes that have particularly
aggressive (corrosive) physicochemical properties [41].

Research is ongoing in the area of current separator and collector technologies, the two main

areas of research are focused on electrolytes and electrode materials, which are responsible

for the electrochemical storage properties of the system.

1.3.2.2.3. Electrolyte

The electrolyte is primarily a conducting medium, and this conduction is ensured by the

mobility of ions within it. Its main characteristic is therefore ionic conductivity, which is

linked to ion diffusion, in other words, their mobility within the matrix. Several electrolytes
can be distinguished according to their state, nature, and range of temperature of use:

e Gel electrolyte

The idea of using gelled electrolytes to prevent electrolyte leakage is not new. In 1957,

Otto Jache and Heinz Schroeder patented and popularized the modern (and industrial-scale)

formulation of gelled electrolytes, which led to the commercialization of the first VRLA

battery (by the German company Accumulatorfabrik Sonnenschein).
In recent times, there has been an increase in the development of various methods to

create high-performance gel electrolytes. These methods involve the encapsulation of ionic
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salts, liquid electrolytes (such as polyvinyl alcohol PVA and H>SO4 [42]), and more recently,
ionic liquids (such as polyvinylidene difluoride PVdF and butylmethylimidazolium-
tetrafluoroborate C1C4ImBF4 [43]), within polymer matrices or porous silica [44]. However, it
is important to note that the ionic conductivity of these systems, which is in the range of a few
thousandths of S/cm, still remains lower compared to that of liquid electrolytes.
e Liquid electrolyte

The primary benefit of liquid electrolytes, in contrast to gels, ionogels, and conductive
glasses, is their exceptional transport properties. Unlike in gels or glasses, the viscosity in a
liquid is considerably lower, allowing for unhindered diffusion of species. Liquid electrolytes
can be classified into three separate categories depending on their chemical composition:
aqueous electrolytes, organic electrolytes, and ionic liquids. However, regardless of the
category, it is crucial to consider the electrode material when selecting an electrolyte to ensure
maximum compatibility between the electrode and electrolyte, as well as to optimize the
electrode-electrolyte interface. This consideration is essential for the development of a
dependable and commercially viable device.
1.3.2.2.4. Electrode material

Electrode materials commonly consist of three distinct components, each serving
specific functions.
e The active material

This component of the electrode material (generally is in powder form mixed with a
binder and black carbon) enables electron exchange and the accumulation of charges

(negative or positive) on the surface, resulting in the polarization of the electrode/electrolyte
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interface. In the case of pseudo-capacitive or faradaic materials, the active material is where
the electrode's redox processes occur.
e The electronic conductor

The active material often has inherent low electronic conductivity. As a result, its
distribution within the material can impede electronic conduction in the electrode by
increasing the length of electron diffusion paths from the active site to the current collector.
These electronic transfer resistances between the active site and current collector can be
minimized through charge percolation. To achieve this, an additive of highly
electron-conductive material can be utilized in combination with the active material. Black
Carbon (BC) powder is commonly employed for this purpose. It exhibits intrinsic electronic
conductivity on the order of 0.2 S/cm at 25 kPa pressure [45]. One advantage of BC is its
minimal contribution to the capacitive component, estimated to be around 12 F/g during
cycling in an aqueous environment [46].
e The binder

Typically, active materials and electronic conductors (percolates) are in the form of
powders. To ensure the cohesion of particles and the adherence of the electrode material to the
current collector, a polymer binder is necessary. This polymer binder plays a crucial role in
preserving the mechanical stability of the electrode material.

Polymers offer a high degree of versatility and can be easily functionalized, enabling
the development of various fluorinated polymers suitable for [electrode/electrolyte] systems.
Polyvinylidene fluoride (PVDF) is commonly used to produce inks by mixing it with the

solvent N-methyl-pyrrolidone (NMP) [47]. Similarly, polytetrafluoroethylene (PTFE) finds
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application in composite pastes [48]. Additional polymers, such as poly (vinyl alcohol) (PVA)
and poly (vinyl alcohol-co-vinyl acetate) (PVA-co-PVAc) copolymers, can also be employed.
Carboxy-methyl cellulose (CMC) serves as an interesting binder for the design of electrode
inks in aqueous environments [49]. In industrial settings, electrodes are commonly prepared
by applying ink onto a current collector strip, resulting in a rolled configuration. The
formulation of the inks plays a crucial role in obtaining electrodes with satisfactory
mechanical quality. As a result, it undergoes optimization through a combination of
experimental methods and numerical simulations [S0].

The selection of electrode materials and their fabrication are vital factors in improving
the capacitive performance of ESC [51]. ESC electrodes must possess characteristics such as
thermal stability, specific surface area (SSA), corrosion resistance, high electrical conductivity,
suitable chemical stability, and favorable surface wettability. Additionally, they should be
cost-effective and environmentally friendly. Furthermore, their ability to transfer faradic
charge plays a significant role in enhancing capacitance performance [52,53]. Numerous
materials have been developed, including carbon-based materials [54], transition metal oxides
[55], layered double hydroxides (LDH) [56], and metal-organic frameworks (MOFs) [57].
Furthermore, Perovskite-type oxides (ABOs) are anticipated to be one of the most promising
materials for supercapacitor electrodes. A brief background about using this type of materials

is provided in the introduction of chapter four.
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1.3.2.3. Energy storage mechanism
Depending on the charge storage mechanism, SCs can be divided into three categories:
1.3.2.3.1. Electrochemical double layer capacity (EDLC)

The behavior of electrode materials in EDLC devices in ESC systems is connected to the
gathering of electrostatic charges at the interface, which is contingent upon the potential of the
electrode. The generation mechanism of surface electrode charge includes surface dissociation
and the adsorption of ions from both the electrolyte and defects in the crystal lattice. These
processes exclusively operate through the electrostatic accumulation of surface charge. As
depicted in Fig. I. 15, the electrical capacitance of the double layer originates from the
electrode material particles situated at the interface between the carbon particles and the
electrolyte. A surplus or deficiency of electric charges accumulates on the electrode's surface,
leading to the buildup of electrolyte ions with compensating charges on the electrolyte side to
maintain electro-neutrality. During the charging process, electrons transfer from the negative
electrode to the positive electrode via an external circuit. In the electrolyte, cations move
towards the negative electrode, while anions move towards the positive electrode. The reverse
processes occur during discharge. Therefore, the electrical energy of a supercapacitor like this
is anticipated to be stored at the double-layer interface through a reversible process of ion
adsorption, which also contributes to the accumulation of surface charges through
electrostatic means. The performance of an EDLC is linked to the accumulation of
electrostatic charges on the electrode's surface or within its pores.

In this particular energy storage system, there is no transfer of charges across the

electrode/electrolyte interface, and there are net exchanges of ions between the electrode and
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the electrolyte. Consequently, the concentration of the electrolyte remains constant throughout
the charging and discharging processes. Moreover, the performance of EDLC electrode
materials is distinguished by nearly rectangular cyclic voltammetry (CV) curves and
triangular galvanostatic charge-discharge (GCD) curves (Fig. I. 15).

The thickness of the double layer (d) is determined by the concentration of the
electrolyte and the size of ions. For concentrated electrolytes [S8], this value typically falls
within the range of 5 to 10 A. In order to boost the capacity of the EDLC, it is important to
focus on increasing the specific surface area. Consequently, electrode materials that possess a
high SSA are indispensable for the development of supercapacitors with exceptional

performance.

CvV GCD

Current (A)
Potential (V)

Potential (V) Time (s)

Fig. 1. 15. Schematic illustration of electrical double layer capacitance (EDLC) and a

summary of characteristic measurements such as CV, GCD.

1.3.2.3.2. Pseudo-capacity
"Pseudocapacitance” refers to the characteristics of electrode materials such as RuO>
and MnO; that demonstrate behavior similar to capacitors in their electrochemical signature.

When an electric potential is applied to these electrodes, a fast and reversible faradaic reaction
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takes place on the electrode material surface, allowing charges to move through the double
layer. Unlike carbon-based materials that exhibit the electrochemical signature of a capacitive
electrode, this type of electrode material stores charge through various reaction mechanisms,
including surface redox reactions and intercalation mechanisms (see Fig. I. 16) [59].

In the case of the surface redox pseudocapacitance process, charges are typically stored
through the adsorption-desorption of cations and anions from the electrolyte onto the surface
of the electrode material. Faradaic redox reactions occur during this process. Materials that
are primarily influenced by surface redox pseudocapacitance behave similarly to EDLC-based
materials, showing nearly rectangular CV curves ( Fig. I. 16). Electrode materials that exhibit
pseudocapacitive behavior consist mainly of metallic oxide/sulfide and conductive polymer.

The energy storage process in intercalation pseudocapacitance involves the reversible
intercalation/deintercalation of cations (such as H', Li’, Na", K", etc.) from the electrolyte
into the crystalline structure of the electrode materials (refer to Fig. . 16). It is worth noting
that the intercalation pseudocapacitance process does not cause any phase changes in the
material. Moreover, materials exhibiting dominant intercalation pseudocapacitive behavior
can be identified by the presence of broad redox peaks observed in the CV curves.

Pseudocapacitive behavior enables pseudocapacitors to attain a much higher charge
storage capacity in comparison to EDLCs. The capacity value is 10 to 100 times higher than
that of typical EDLCs [58]. Nevertheless, electrode materials demonstrating pseudocapacitive
behavior are more susceptible to expansion and contraction during the charge/discharge

process, leading to compromised mechanical stability and reduced cycle stability.
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Fig. I. 16. Schematic illustration of pseudocapacitive behavior and a summary of

characteristic measurements such as CV, GCD.

1.3.2.3.3. Battery-like behavior

Despite the established definition of pseudocapacitance, numerous electrode materials
that experience a phase change during the charge/discharge process have been historically
misclassified as pseudocapacitive materials. Recently, the electrochemical community has
successfully discerned the disparity between electrode materials demonstrating battery-like
behavior and those displaying traditional pseudocapacitive behavior.

In comparison to pseudocapacitive electrode materials, the electrochemical reactions of
battery-type materials are influenced by the ionic diffusion of the electrolyte. They typically
involve ion intercalation and/or phase transformation alloy reactions (Fig. I. 17), which can be
observed in cyclic voltammetry (CV) curves through distinct redox peaks. In galvanostatic
charge-discharge (GCD) curves, the charging process leads to the oxidation of low-valence
transition metals to a higher valence state for electron release, followed by their reduction
back to the original state during discharge. Consequently, low-valence compounds experience

at least one phase change in each charge and discharge cycle, resulting in the emergence of a
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potential plateau in the GCD curves [60]. According to this revised definition, electrode
materials that demonstrate a potential plateau during the electrochemical charge/discharge
process alongside clear redox peaks should be classified as "battery-type" electrode materials
(Fig. 1. 17).

When assessing charge storage capacity, battery-type electrode materials, like batteries,
typically exhibit a high charge storage capability. Furthermore, battery-type electrode
materials that incorporate specifically engineered nanostructures are anticipated to possess a
large specific surface area, facilitating an abundance of active sites for redox reactions and
shorter ion diffusion pathways within the electrolyte. Nevertheless, subpar performance and
inadequate cycling stability may arise during the charge/discharge process due to the sluggish

kinetics associated with the material's gradual phase transformation.
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Fig. I. 17. Schematic illustration of battery-like behavior and a summary of characteristic

measurements such as CV, GCD.

In contrast to the behavior of electric double-layer capacitors (EDLC) and
pseudocapacitance, the concept of "capacitance (F)" is not applicable to battery-type behavior.

Previous studies have defined capacitance as the ability of a body to store electrical charge,
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with a constant value within a specific potential range. This value can be used to calculate the
stored charge using equation (I.4). However, the "capacity" of a battery-type electrode is not
constant across the entire available potential range. Instead, it represents an "average" value
calculated within a limited potential range, and choosing a wider or narrower potential range
will result in a different calculated specific capacity [61]. In this context, "capacity" (mAh or
coulomb C) is the most suitable and meaningful measure to use. The capacity of battery-type
electrodes is determined by taking the derivative of charge acceptance (Aq) with respect to the

change in potential (AV) [62, 63]:

A.h A
C (m—) R T (L4)
g m  3600.m

Where C (mAh/g) is the specific capacity, Q is the amount of charge, m (g) is the mass of the

active material, I (mA) is the constant discharge current, and At (s) is the discharge time.

C (E) = (L5)

g m m

Where C (C/g) is the specific capacity, Q is the amount of charge, m (g) is the mass of the

active material, I (A) is the constant discharge current, and At (s) is the discharge time.

1.3.2.4. Classifications of ESC

Classifications based on the chemical reactions and device architecture divide
supercapacitors into three types: 1) symmetrical supercapacitors (SCs), i1) asymmetrical
supercapacitors (ASCs), and iii) hybrid supercapacitors (HSCs) [64].

Typically, SCs consist of two similar electrodes, with the same charge storage
mechanisms (Fig. [. 18.a), that have equal weight, thickness, material, etc. However, it is

crucial to acknowledge that SCs may not always be the optimal choice when designing
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supercapacitors. On the contrary, ASCs consist of two dissimilar electrodes with the same
charge storage mechanisms (Fig. I. 18.b). To achieve optimal performance, ASCs can be
optimized by ensuring a balance of charge through matching the mass of the positive and
negative electrodes (as described in equations 1.6 and 1.7). This electrode configuration

enhances their suitability for applications in energy storage systems [65].

where C (F/g) is the specific capacitances, m (g) is the active material mass and AV (V) is the
potential window; the (-) and (+) signs refer to negative and positive electrodes respectively.
In recent years, a distinct type of ESCs called hybrid supercapacitors (HSCs) has
emerged. These hybrid supercapacitors combine two dissimilar with different storage
mechanisms to form the energy storage system (Fig. I. 18.¢), resulting in expected improved
performance compared to SCs and ASCs. For instance, one electrode demonstrates EDLC
behavior, while the other exhibits battery-like faradaic behavior, serving as the negative and
positive electrodes respectively. This configuration allows one-half of the hybrid
supercapacitor to function as an EDLC, while the other-half behaves like a faradaic battery.
As a result, HSCs offer high energy storage capabilities akin to batteries, along with high
power and long lifespan similar to SCs [66]. Moreover, in HSCs design, optimizing the
supercapacitor involves achieving a balance in charge by matching the mass of the positive

and negative electrodes (as shown in equations 1.6 and 1.7).
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(a) Symmetrical Supercapacitor (b) Asymmetrical Supercapacitor
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Fig. I. 18. Classifications of ESC; a) symmetrical supercapacitors, b) asymmetrical

supercapacitors, and c¢) hybrid supercapacitors.

1.3.2.5. Applications of ESC

A growing number of developers and manufacturers are becoming increasingly
interested in the development and utilization of ESC. As their performance continues to
improve, ESC are finding more applications in various sectors such as public transportation,
automobile, defense and military, and industrial applications (Fig. I. 19). Let's consider the
example of their applications in electric vehicles. While the process of commercialization has
been relatively slow, a few applications have been successfully implemented. These include

hybrid-electric transit buses in the United States and China, electric braking systems in
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passenger cars, and more recently, stop-go hybrid vehicles [67]. Notably, Aowei Technology
Co., Ltd (Shanghai, China) has launched fast-charging electric buses that can be fully charged
in just 90 seconds and travel a distance of 7.9 km. These buses have an average speed of 22
km/h and a maximum speed of 44.8 km/h [58]. Additionally, CSR Co. Ltd. (China) has
developed a tram operating on an EDLC configuration, with a charging time of 30 seconds

and a distance range of 3 to 5 km [68].

Fig. 1. 19. Some applications of electrochemical supercapacitor.
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This chapter is devoted to the description of the synthesis methods of the studied
materials as well as the characterization techniques used, with a theoretical presentation and

then a description of the conditions utilized during the analysis.

I1.1. Synthesis Method

Various methods have been developed to prepare materials with different characteristics
depending on their intended use. Chemical methods are widely used in material elaboration,
offering precise control over the synthesis process to produce materials with tailored
properties. Chemical methods can synthesize materials with properties like grain size, shape,
porosity, surface area, homogeneity, and composition. Furthermore, chemical methods can be
utilized to produce complex structures like nanoparticles, thin films, and composites with
unique and adjustable properties. The most commonly used chemical processes include
sol-gel, which is the technique used in this thesis, co-precipitation synthesis, and
hydrothermal synthesis.
I1.1.1. Sol-gel method

The term "sol-gel" stands for "solution-gelation" abbreviation. First, a "sol" is a stable
dispersion of colloidal particles in a liquid [1]. The solid particles must be small enough
(between 10-100 A°) so that the forces responsible for the dispersion (Brownian motion, Van
der Waals interaction) are not overcome by the gravitational forces to remain dispersed [2].
Second, a "gel" is a solid, amorphous, three-dimensional array of macromolecules, swollen by
a solvent and containing sub-micrometric pores. If the solid lattice is constituted of colloidal
particles, the gel is referred to as colloidal (physical gel), while if the solid lattice is composed

of macromolecules, the gel is called polymeric (chemical gel) [1].
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11.1.2. Principle
As depicted in Fig. II. 1, the sol-gel process is a highly versatile technique that allows
for the precise production of a wide range of materials, including fibers, thin films, dense

materials, powders, and ultra-low-density materials [3].
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Fig. I1. 1. Main steps of a material synthesis by the sol-gel process.

This versatility arises from the ability of the sol-gel process to enable precise control
over the composition, microstructure, and morphology of the resulting material. For instance,
the sol-gel process can be used to create thin films with precisely controlled thickness and
exceptional adhesion to substrates, finding applications in fields such as microelectronics,
optoelectronics, and sensors. Similarly, the sol-gel process can also be used to create fibers

with controlled diameter and length, offering utility in the reinforcement of composites and
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applications such as optical fibers. Furthermore, the sol-gel process can produce dense
materials that have a uniform microstructure and excellent mechanical properties, making
them useful in various applications like thermal barrier coatings, catalyst supports, and
membranes. Additionally, powders produced by the sol-gel process have a narrow size
distribution and controlled morphology, making them useful in several applications such as
catalysis, sensing, and energy storage [4].

The starting solution generally consists of a precursor, a solvent (usually an alcohol),
sometimes a catalyst (acid or basic), and water. Each compound is dosed very precisely, as the
properties of the gel depend on it. The selection of solvent and catalyst is then dictated by the
chemical properties of the precursor, which is the central compound of the solution.
Depending on the nature of the molecular precursor, two approaches are generally used in the
sol-gel process [5]:

e Organometallic route: the precursors used are the molecular alkoxides M(OR)n where M
designates a metal of valence n and R an alkyl chain of type (-CnH2n+1).

e Inorganic route: the precursors used are metal salts in aqueous solutions (nitrates,
chlorides, ...), and complexing agents, such as citric acid, EDTA, maleic acid, sucrose,

DEA, TEA, propionic acid, etc.

As shown in Fig. II. 2, the significant steps involved in the sol-gel synthesis are the
followings [6]:
Hydrolysis; in which the reaction is initiated by mixing metal alkoxides with water in a

solvent such as alcohol at ambient or slightly elevated temperatures. Acidic or basic catalysts
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are used to expedite the polymerization process, leading to the condensation of adjacent
molecules and the formation of metal oxide bonds while eliminating H>O and ROH. As a
result, the polymeric networks reach colloidal dimensions in the liquid state, also known as a
"sol".

Gelation: the polymer networks combine to create a 3D structure in the liquid, resulting in a
slightly rigid gel. The gel's pores trap solvents like water and alcohol. Over time, smaller

polymer units aggregate into the main network, contributing to the gel's aging process.

Fig. 1II. 2. Sol-gel transition.

The gels must be dried, i.e., subjected to an operation of solvent evacuation. As presented

in Fig. I1. 3, two types of dry gels can be distinguished [7]:

e Aecrogel: the removal of the solvent is done by hypercritical evacuation, leading to a

material of very low density .

e Xerogel: drying takes place by evaporation at atmospheric pressure to obtain a dense

material or a powder.
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Fig. II. 3. Schematic drawing of the difference between xerogel and aerogel.

11.1.3. Factors influencing the reaction mechanisms

As in all other chemical technologies, the synthesis conditions influence the structure and

properties of the products. Among the most preponderant parameters in sol-gel synthesis are

the following [8]:

» Composition and nature of precursors: the choice of precursors in the sol-gel process
has a significant influence on the characteristics of the end product. Precursor reactivity is
a key factor, with highly reactive precursors resulting in a dense, highly cross-linked
network structure. Precursor molecule size and shape can also impact the final material,
with smaller molecules contributing to higher surface area and larger molecules producing
bigger particles. Additionally, precursor composition plays a role, as the use of different
metal alkoxides or salts can yield different metal oxides or mixed metal oxides, leading to
distinct chemical and physical properties. Therefore, thoughtful selection of precursors is
vital for achieving the desired material properties in the sol-gel process.

» Solvent: alkoxides are not miscible in water, so it is necessary to mix the precursors,

water and possibly the catalyst, in a common solvent. It is then preferable to use the
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alcohol corresponding to the —OR ligand of the alkoxide, in order to avoid possible
reactions between the different components likely to modify the reaction kinetics.
Temperature: as in all other types of synthesis, temperature has a considerable impact on
the properties of the synthesized sol. It affects the rate, the mechanism, and the interaction
of hydrolysis and condensation reactions. On the other hand, it also affects the
vaporization of the solvent and consequently the substance concentration in the sol.
Surfactants: Surfactants act by modifying the surface tension between the system
components. Thus, they could serve as stabilizers of particles in the sol, firmly depressing
the sedimentation process. Therefore, it is possible to achieve a homogeneous film and to

modify the surface porosity and flexibility of the film found on the surface.

11.1.4. Sol-gel process advantages and disadvantages [9-11].

>

>

Control of material porosity and nanoparticle size.

Possibility of obtaining highly porous materials (dense, mesoporous, ultra-porous) in the
form of thin film, fiber, and powder.

Very high purity and homogeneity.

Heat treatments required at low temperatures.

Hydroxyl groups and carbonates remain after heat treatment.

The duration of gel formation can vary from hours to days.

High cost of precursors.

Significant gel shrinkage during drying.
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I1.2. Physico-chemical characterizations

In order to determine the physico-chemical properties, the elaborated materials were
characterized by means of differential thermal analysis and thermo-gravimetric, X-ray
diffraction, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
scanning electron microscopy, energy-dispersive X-ray spectroscopy, laser particle size, and

nitrogen adsorption-desorption analysis.

11.2.1. Differential thermal analysis and thermo-gravimetric (DTA-TG)

The TG analysis consists of measuring the variation of the material's weight as a
function of temperature or time in a controlled atmosphere (air, Ar, N2). This variation is a
loss of weight in the case of decomposition or dehydration, it is a gain of weight in the case of
oxidation or adsorption, and is null in the case of fusion or crystallization. The TG is usually
coupled with DTA, which involves monitoring the temperature difference between the studied
sample and a reference sample (thermally inert material). The measurement of this
temperature difference allows the characterization of the endothermic and exothermic
transformations of material [6,12]. During this thesis, DTA/TG analysis was carried out using
SETARAM LABSYS Evo thermal analyzer in the range of 25-1000 °C with a heating rate of
10 °C.min"! in the air.

11.2.2. X-ray diffraction (XRD)

X-ray diffraction is a common technique used to identify the structure, phase and
atomic spacing of crystalline materials. As shown in Fig. II. 4, X-rays are scattered by the
atoms of a crystal system as they pass through it. The scattered waves appear as spherical

waves emitted from the atomic center. As the atoms are periodically aligned in the crystal,
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there are fixed phase relationships between these spherical waves. Inevitably, the waves
interfere constructively or destructively with each other, so that they are intensified in some
directions and shifted in others, resulting in diffraction patterns. In other terms, the diffraction
spots appear only in specific directions depending on the original incident line. This
phenomenon can be described mathematically by Bragg's law:
2d sinf@=nd ... (ILT)

Where d is the distance between the diffracting planes, 6 is the incident angle, n is an integer,
and A is the wavelength of the X-ray

The path length difference between two different X-rays can be determined as 2dsiné,
and the X-rays will interfere constructively when their path length difference is equal to an
integral multiple of the wavelength. As the d-spacing varies in different crystals, the
corresponding diffraction patterns will be different. From this point of view, it is possible to
identify the phases of a sample by comparing the obtained diffractograms with the standards
of the database in which all known species with their characteristics are indexed. However,
materials with the same structure will have similar diffractograms [13].

The characterization technique chosen in our case is X-ray powder diffraction. Initially,
it allows us to verify, in the case of powders, the state of progress of the reaction and the
purity of our materials. The final objective is the structural determination, i.e. the
investigation of the atomic positions in the crystal lattice. In this thesis, the X-ray
measurements were performed on a high flux Rigaku Ultima IV rotary anode X-ray
diffractometer equipped with CuKa radiation source (A = 1.542 A). The diffraction angles (20)

ranged between 15° and 82° and the crystalline phase identification is done by comparing
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with the JCPDS (Joint Committee on Powder Diffraction Standards) with the use of

Highscore Plus software.

4 & @D

e

Fig. I1. 4. X-ray diffraction principle.

11.2.3. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectroscopy is one of the most widely used absorption spectroscopic techniques
which allows the identification of certain groups and gives structural information from their
vibrational properties. As depicted in Fig. II. 5, the source of infrared radiation passes through
a half-silvered mirror. Half of the signal is reflected and hits the second moving mirror. After
reflection on the second mirror, the recombined IR signal will pass through the sample and
will then be collected by the detector. Once a molecule is subjected to infrared radiation, it
will vibrate or rotate. The vibrational energy can be classified into stretching and bending
vibrations in which the stretching vibration occurs at a higher wavenumber than bending

vibrations [14].
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Fig. I1. 5. Fourier transform infrared spectroscopy principle.

This technique measures the frequencies at which the sample absorbs radiation as well
as the absorptions' intensity. It is known that chemical functional groups absorb radiation at
characteristic frequencies. Therefore, the chemical structure can be determined from the
recorded frequencies. In this thesis, the FT-IR spectra, for the synthesized samples, were
conducted on an FT- IR PerkinElmer spectrometer across the range of 380 — 4000 cm ™! using
the KBr pellet technique in which, a solid mixture of LaCo1-xZnxO3/KBr with a mass ratio of
(1/99) was well ground and then pressed in a hydraulic press to form the pellets. The
attribution of the bands to the different vibration modes is done by comparison with those
reported in the literature.

11.2.4. X-ray photoelectron spectroscopy (XPS)

XPS is a technique that enables the description of the chemical compositions of the
surface as well as their valence states. As shown in Fig. II. 6, it consists of irradiating the
studied sample with a beam of X-ray photons that will ionize the surface atoms by means of

the photoelectric effect. Part of the radiation energy (4v) is lost in the bond rupture (binding
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energy) and the rest is given to the ripped-off electron in the form of kinetic energy (Ex).
Photoelectron production only takes place if the energy of the incident photons is greater than

the ionization potential of the core electrons in a given layer [15].

X- ray with Photoelectron
energy hv with Ex
Vacuum level L /
Conduction band /
Fermi level
Valence band
I gg ) >
3s \ M
Core level ) u
electrons 2p —9-0—0-0—0-0—
28— -
L 18— ————K

Fig. II. 6. X-ray photoelectron spectroscopy principle.

If we consider that the energy of the incident X-ray is Av, the kinetic energy that is
recorded Ex, then it is possible to determine the binding energy (E») according to the

following relation.

This binding energy is characteristic of the atom considered, but also of its degree of
oxidation, the type of binding in which it is engaged, its stoichiometry or its concentration.
Therefore, by plotting the number of photoelectrons as a function of their binding energy it is

quite possible to obtain information on the surface of the sample [6].
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In this thesis, the XPS experiments were performed on a Thermo Scientific ESCALAB
250 Xi" spectrometer with an Al Ko (1486.6 €V) monochromatic X-ray source at a base
pressure of less than 5x107!° mbar. the X-ray beam, focused to a diameter of 200 pm, was
scanned over an area of 250 x 250 um at an operating power of 40 W (15 kV). The
photoelectron probing spectra were obtained using a hemispheric analyzer at pass energy of
200 eV with an energy step of 0.1 eV. The high-resolution spectra were recorded at a passing
energy of 50 eV with the same energy step of 0.1 eV. All spectra were measured with a 90°
angle between the X-ray source and the analyzer and without using low-energy electrons and
argon ions for charge neutralization. After subtracting the Shirley background, the
high-resolution spectra were deconvoluted into their components with mixed
Gaussian-Lorentzian (30:70) line shapes using Casa XPS software.

I1.2.5. Scanning electron microscopy (SEM)

SEM is a powerful technique used for the investigation of materials' surface
morphology and composition analysis (when coupled with an EDS system). It involves using
a very fine electron beam that scans the surface of the sample point by point. Indeed, the
interaction of the electron beam with the sample surface creates or generates different particle
emissions such as; secondary electrons, X-ray emissions, and backscattered electrons, which
are then analyzed using appropriate detectors [16].

As presented in Fig. II. 7, the secondary electrons are used for imaging. In fact, these
electrons are very sensitive to the surrounding environment that images are made by
collecting these types of electron through a detector formed by a scintillator coupled to a

photomultiplier [6].
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11.2.6. Energy-dispersive X-ray spectroscopy (EDS)

EDS also known as EDX, or EDXA is a technique used to analyze the purity as well as
the elemental compositions of a specimen. As presented in Fig. II. 7, the characteristic X-rays
are generated after interactions of the incident primary electrons with the specimen. More
precisely, a primary electron of energy E removes an electron from the inner shell (E1) of an
atom, leaving the atom in an excited energy state. An electron from the outer shell at the E»
orbit will jump into this vacancy. Simultaneously, a photon of energy Ei-Ex is released, which
is known as the characteristic X-ray. The characteristic X-rays released are gathered and
counted by energy difference, which is known as the EDX spectrum. As the energy difference
corresponds to the specific electronic configuration of the atom, the specific elements present

in the sample can be derived by comparing the signals to the elemental standards [13].
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Fig. I1. 7. Energy-dispersive X-ray spectroscopy principle.

In this thesis, A Jo€l JSM 7-7610F PLUS scanning electron microscope coupled to an
EDS was used to study the morphology as well as to analyze the elemental compositions of

the synthesized samples. The surface of non-conductive samples must be metalized because it
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must be conductive to prevent the sample from charging. Therefore, the LaCoi—xZnxOs
samples are deposited on aluminum pads and then metalized by evaporation of silver under a

secondary vacuum.

11.2.7. Laser particle size

Laser particle size is a technique used to determine the grain size of a powder and the
statistical frequency of the different sizes in the sample (i.e. the particle size distribution). As
illustrated in Fig. II. 8, this technique is based on the diffraction and diffusion principle of a
laser beam, by measuring the angular variation in the intensity of the scattered light as a laser
beam passes through a sample of dispersed particles. Large particles will scatter light at small
angles to the laser beam and small particles at larger angles. The angle-dependent scattered
intensity data is analyzed to calculate the size of the particles that created the diffraction
pattern. Two models are used depending on the particle size: for large particles, the
Fraunhofer theory (diffraction by the particle's contours) is applicable. For smaller particles,
the Mie theory should be used, which takes into account diffusion, absorption, and diffraction
phenomena [17].

During this thesis, particle size distribution analysis was assessed using a laser particle
size analyzer (HORIBA LA-950). The powders are first dispersed in distilled water and
ultrasound to avoid the formation of clusters. Afterward, a sufficient quantity of the solution is
taken and introduced into the cell. During the measurement, the powders are dispersed in a
sampling module equipped with an ultrasonic probe, a circulation drives the powder in
suspension in the optical cell through which the laser beam passes, in which the optical

properties of the powders and those of the solvents should be known (the refractive index of
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LaCoOs is 3.04 and that of water is 1.33).
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Fig. I1. 8. Laser particle size principle.

I1.2.8. Nitrogen adsorption-desorption

Nitrogen adsorption-desorption is a technique used to further characterize the surface
texture of the porous media. First, the adsorption is a surface phenomenon which corresponds
to the fixation of molecules (adsorbate) on the surface of a solid (adsorbent). Two adsorption
mechanisms exist: physisorption, which is a reversible phenomenon characterized by weak
Van der Waals-type forces, and chemisorption, which is an irreversible process involving the

formation of a covalent chemical bond. The shape of the adsorption-desorption isotherms
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depends on the adsorbate, the adsorbent, and the interactions between the gas and the solid
surface [18].

According to the International Union of Pure and Applied Chemistry (IUPAC)
classification, six types of isotherms are used to characterize the porosity of the investigated

medium (Fig. I1. 9).

Amount adsorbed

o V.

Relative pressure

Fig. IL. 9. Types of physisorption isotherms.

The type I adsorption isotherm is obtained with purely microporous adsorbents which
fill at lower relative pressures as the pore size is smaller. The type II adsorption isotherm is
characteristic of multi-molecular adsorption. The type I'V adsorption isotherm shows a similar

pattern to that of type Il for low relative pressures. Nevertheless, for the highest relative
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pressures, it is characterized by a saturation plateau whose length is very variable: this
adsorption isotherm is obtained with mesoporous adsorbents in which capillary condensation
occurs in the mesopores at high P/Py values. Desorption of capillary condensed nitrogen in the
mesopores is not reversible and hysteresis is generally observed on desorption. Type III and
V adsorption isotherms are significantly rarer. The inversion of curvature at the start of the
adsorption isotherm characterizes a weak adsorbent/adsorbate interaction. This type of
isotherm is for example observed in the case of water vapor adsorption on a hydrophobic
surface. The type VI step adsorption isotherm is only seen in the case of adsorption by
energetically homogenous surfaces on which the layers are formed one after the other [18].

The treatment of nitrogen adsorption-desorption isotherms gives access to certain
parameters, including the specific surface area, which defines the total surface area per unit of
mass accessible to atoms and molecules. The BET method (Brunauer, Emmett, and Teller) is
undoubtedly the most widely used to determine the value of the specific surface area. The
pore distribution such as pore diameter and pore volume is obtained by the BJH (Barrett,
Joyner, Halenda) treatment of the desorption branch of the isotherm.

In this thesis, the specific surface area, the pores’ volume and diameter were measured
by the Nitrogen adsorption-desorption technique using a physisorption analyzer
(Micromeritics ASAP 2010). The texture parameters are identified at the nitrogen liquefaction
temperature (77K), the samples having been previously degassed at 723 K for 4 hours (in

order to remove all traces of water and CO»).
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I1.3. Electrochemical measurements
I1.3.1. Experimental apparatus

The electrochemical properties of the LCZ materials with different (x) contents were
carried out on an AUTO LAB-AUTS85204 electrochemical workstation assisted by a computer
and equipped with software (Nova 2) that allows both, the setting of the operating parameters
and the selection of the targeted electrochemical technique, such as the linear sweep
voltammetry (LSV), Tafel polarization, electrochemical impedance spectroscopy (EIS),
chronopotentiometry (CA), cyclic voltammetry (CV), and galvanostatic charge-discharge
(GCD). To study the effect of zinc doping on the electrochemical performances either for the
oxygen evolution reaction or for the supercapacitor application, we used a conventional
three-electrode electrochemical cell consisting of LCZ materials, platinum, Ag/AgCl 3 M
KCl), and 1M KOH serving respectively as the working electrode, counter electrode,
reference electrode, and the electrolyte solution. The electrochemical setup used is shown in
Fig. II. 10.

The electrochemical performance of assembled hybrid supercapacitor was realized in a
two-electrode system composed of the LCZ 05 as a positive electrode (anode) and activated

carbon (AC) as a negative electrode (cathode) in 1M KOH electrolyte solution.
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(1M) KOH

Fig. I1. 10. Experimental setup used for the electrochemical measurements.

I1.3.2. Experimental techniques
I1.3.2.1. Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry (LSV) is an electrochemical method used to measure the
reactivity of a chemical species in a solution. As shown in Fig. II. 11, It consists of applying a
sweep potential varying linearly with time between two predetermined potential limits E; and
Ex (input signal) to an electrode immersed in an electrolyte and measuring the current-voltage
response (output signal), thereby enabling the identification of electrochemical reactions
occurring at the electrode/electrolyte interface. A typical response curve of the LSV is given
in Fig. II. 11b . If the scan starts, only the non-faradic (capacitive) current circulate for a
period of time. When the potential of the electrode reaches the proximity of E°, the oxidation
reaction starts and the anodic current begins to flow. As the potential becomes more positive,
the concentration of the electroactive species at the surface must reduce; therefore, the flux

towards the surface as well as the current will increase. As the potential rises above E°, the
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concentration of the electroactive species at the surface drops to almost zero, the mass transfer
to the surface achieves a maximum rate, then it decreases as the effect of depletion sets in.

The result is a current-potential curve with a peak like the one shown [19].

a) Input signal b) Output signal

I
N
]

-

Fig. II. 11. linear sweep voltammetry principle.

These polarization measurements also enable the determination of the reaction kinetic
parameters such as the exchange current density and the limit step of the reaction mechanism
through the estimation of the Tafel slopes, as shown in Fig. II. 12. In the present work, a
procedure was developed to evaluate the overpotential phenomena and the kinetic parameters
of the oxygen evolution reaction for each electrocatalyst. The measurements were conducted
between 1.05 and 1.73 (V vs RHE) in Np-saturated 1M KOH at a sweep rate of 10 mV.s™.
This upper limit of potential was chosen in order to avoid any disturbances due to the

formation of oxygen bubbles and the catalysts that they might cause [6].
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Fig. II. 12. Schematic representation of a Tafel curve enabling the determination of the

exchange current density and the Tafel slope.

11.3.2.2. Electrochemical Impedance Spectroscopy (EIS)

EIS is a technique that provides information about the charge transport properties
within electrode materials as well as the electrochemical phenomena occurring at the
electrode-electrolyte interfaces. It consists in applying a periodic perturbation by means of an
alternating voltage or current with low amplitude depending on its frequency (generally over
the range of kHz and mHz) and studying the way the excited electrochemical system responds
to this perturbation (Fig. II. 13b and c). The electrochemical impedance spectroscopy
measurements are frequently represented in the form of Nyquist and/or Bode representations
(Fig. II. 13d), which can be correlated with an equivalent electrical circuit (Fig. II. 13e),
whereby a mechanistic interpretation of the studied system is used to infer the electrochemical
parameters such as the internal resistance R., charge transfer resistance Zr, double layer

capacitance CPEg;, and so on [20].
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Fig. I1. 13. The electrochemical impedance spectroscopy principle.

The conditions of the measurements conducted during this thesis are the following; the
imposed amplitude is 10 mV and 50 frequencies with five sines distributed uniformly in a
logarithmic way over the range of 100 kHz and 10 mHz. The applied potentials for the
oxygen evolution reaction application are the potentials corresponding to the current density

of 10 mA.cm™, while for the supercapacitor application they are the open circuit potentials.

11.3.2.3. Chronopotentiometry (CP)

The chronopotentiometry method consists of applying a constant current density (input
signal (Fig. II. 14a) and measuring the variation of the potential between the working and

reference electrodes as a function of time (output signal (Fig. II. 14b)). This variation depends
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on the concentration change of the studied species within the working electrode [21]. In
general terms, the CP method is usually used to evaluate the number of electrochemical
reactions occurring at the working electrode, where each observed plateau is related to an
electrochemical process. Beyond the plateau, the flow of the electrolyzed substance to the
electrode is insufficient to consume all the imposed current, so a potential jump occurs to
reach a value such that another electrochemical reaction can take place and consume all the
imposed current [22]. In our case, the CP method is employed to study the durability of the
prepared electrocatalysts, i.e., how much potential should be applied to achieve the same

current density during their use. So we applied a current density of 10 mA.cm™ over 24 hrs.

a) Input signal b) Output signal

ik

~ ¥
-~ Y

Fig. I1. 14. The chronopotentiometry principle.

11.3.2.4. Cyclic voltammetry (CV)

Cyclic voltammetry became a well-known technique for preliminary electrochemical
studies of novel systems and proved to be very useful for obtaining information on rather
complicated electrode reactions as well as on phenomena occurring at the

electrode/electrolyte interface. In brief, it consists of applying a forward scan of potential
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from E; to Ex followed by a backward scan to the initial potential E; at constant speed v (Fig.
[1. 15a), where a complete forward-backward scan of the potential applied at the same scan
rate is called a cycle [23].

A typical response curve of the CV is given in Fig. II. 15b. The forward scan from E; to
E». is discussed in details in the LSV above. If we switch the potential scan from Ej to E;
(backward scan) there is a high concentration of the oxidized species in the vicinity of the
electrode. As the potential nears and then exceeds E°, the electrochemical balance at the
electrode surface becomes increasingly favorable to the neutral species. Thus, the oxidized
ions become reduced and a cathodic current circulates. This inversion current will have a very

similar form to the forward scan for the same reasons as discussed in the LSV method [19].

a) Input signal b) Output signal
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Fig. I1. 15. Cyclic voltammetry principle.

The resulting CV curve can provide useful information about the electrode reaction
process, such as the reversibility of the electrode reactions, rate capability, polarization and
the electrochemical storage mechanism, and also enables the evaluation of capacitances by

using the following Eq. (I1.3) [24].
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[ 1vydv

S 2.m.v. AV (11.3)

where C; (F/g) is the specific capacitances and m (g) the active material mass. For the
assembled supercapacitor m is the overall weight of both negative and positive electrode
active materials, V; and V; (V) are the initial and final potentials, v (V. s') is the sweep rate, /

(A) the specific current, AV (V) the potential working window.

In the work presented in this thesis, the CV measurements are recorded at several sweep
rates ranging from 2 to 100 mV.s-1 over a potential working window of -0.05 to 0.45V (for

the three-electrode system) and 0 to 1.5V (for the two-electrode system).

I1.3.2.5. Galvanostatic charge and discharge (GCD)

GCD is a significant method for studying the electrochemical energy storage
performance of the electrode materials. A consecutive charge-discharge of the working
electrode i1s performed at a constant current density (input signal (Fig. II. 16a)) over a
potential window with or without a rest period (a period of time between the charge and
discharge process, while the peak voltage Vo remains constant). Moreover, the
charge-discharge measurements at different current densities can be also used to study the rate
performance of the electrode materials. Based on the GCD curve (output signal (Fig. II. 16b),
we can obtain the charge and discharge times. Therefore, the specific capacitance (Cs) of the

active material can be calculated according to the following equation (IL.4) [25]:

1. At
m. AV

R
I

e (11.4)
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where Cs (F/g) is the specific capacitance, 1 (A); the applied current density, At (s); the

discharge time, m (g); the active material mass, and AV (V) is the potential chosen working

window.
a) Input signal b) Output signal
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Fig. II. 16. The galvanostatic charge and discharge principle.

Another important aspect of SCs is their cycle stability. In the laboratory, 1,000 to
10,000 charge-discharge cycles are preferably performed to study the potential durability of
the cycle, where a cycle is equivalent to a charging and discharging process at a constant
current density. Extended cycling typically deteriorates the electrodes and induces corrosion
in the constituents of a cell, resulting in a performance loss. To get an idea of how the material
will perform in real SCs, initial and final performances are compared and analyzed [13].

The energy density (E) and the corresponding power density (P) of SCs are also
preponderant factors to study their practical application. Based on the calculated specific
capacitance from the GCD, the E and P values of the device can be calculated. The formulas

used to determine E and P, respectively, are as follows [26]:
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C,. (AV)?
b 3600.E 1.6
T . (11.6)

where E (Wh.kg!) and P (W.kg™!) are, respectively, the energy and the corresponding power

densities, AV (V) the potential working window, and At (s) the discharge time.

The conditions of the measurements carried out during this thesis are the following;

» The three electrode system; the applied current densities are 0.5, 1, 2, 3, 4, and 5 A/g over
the potential window of -0.05 t00.45V without a rest period. For the cycle stability, we
have conducted 5000 successive charge and discharge cycles between -0.05 and 0.45V at
a constant current density (5 A/g),

» The two electrode system; the applied current densities are 0.5, 1, 2, and 3 A/g over the
potential window of 0 to 1.5V without a rest period. For the cycle stability, we have
conducted 5000 successive charge and discharge cycles between 0 and 1.5V at a constant

current density (3 A/g).
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II1.1. Introduction

The rapid increase in global energy requirements and the environmental pollution
resulting from the consumption of fossil resources, have caused researchers to look at the
transition to sustainable and renewable energy sources, which is deemed as a promising and
perhaps inevitable solution to overcome these crises [1-3]. As a result, water splitting for the
production of H> and Oz has emerged as an efficient and promising way for energy storage
and conversion, in addition to being simple and environmentally friendly [4-6]. The oxygen
evolution reaction (OER) at the anode is usually slower than the hydrogen evolution reaction
(HER) at the cathode [7]. In particular, the kinetics of OER is hindered due to the complex
process of four-electron oxidation at the anode catalyst, and thus require a large overpotential,
which could restrict the overall efficiency of water electrolysis [8]. Nevertheless, the slower
kinetics and the large energy barrier make it necessary to develop high-performance catalysts
to hasten the reaction and to overcome this stalemate [9]. Oxides of ruthenium and iridium
(RuOy, IrOy) are regarded to be the leading-edge for OER electrocatalysts in light of their best
catalytic activity. Unfortunately, the low stability, scarcity, and high costs have severely
hampered their widespread application [10].

Perovskite-type oxides (ABO3) are anticipated to be one of the most promising alternate
catalysts for the OER based on their structural and compositional flexibility [11], high
catalytic activity and stability [12], in addition to low cost [13]. Numerous studies have been
devoted on using perovskites as a catalyst, among these, LaCoOs3 has been known as an active

and durable OER electrocatalyst in a basic medium [14, 15]. Moreover, the partial
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introduction of appropriate cations into the A or/and B sites will produce oxygen vacant sites,
which results in an alteration in the transition metal valence states. This can enhance
considerably their catalytic activity (i.e., reducing the overpotential) [16]. Evidence can be
found in preceding reports. For example, M. E. Hilal et al [17] investigate the substitution of
both A and B sites with Ca and Mn in LaCoO3 generating the creation of oxygen vacancy in
the material bulk, thus significantly enhances the OER activity. Likewise, K. Li et al. [18]
studied the co-doping effect of Sr and Mn into PrFeOss in which the ProsSro4FeOs-s
electrocatalyst displays the best OER activity with an overpotential value of merely 400 mV
compared to the other composition. Furthermore, M.A. Ghanem et al. [19] demonstrate that
the partial replacement of cobalt by 30 % of rhodium into the LaCoOs3 crystal lattice promotes
the OER activity with 300 mV overpotential. Similarly, B. Bao and coworkers reduce the
overpotential up to 310 mV by incorporating 25 % of iron into LaCoO3 [20]. Identically, 50 %
Pr-doped LaCoOs decreases the overpotential from 371 to 312 mV [21] and 20 % V-doped
LaCoOs3 reduces the overpotential value from 407 to 306 mV [22].

Zinc has been introduced into various kinds of materials as a dopant because of its
capability to generate extrinsic defects [23], in addition to its pivotal role in boosting the OER
activity. For example, O. Elies et al. [24] found that the OER activity was enhanced by
substituting iron with zinc in the LaFe1-xZnxO3, and the highest OER activity is achieved at x
= 0.1. Likewise, J. Wu and colleagues confirmed that the overpotential was diminished to 248
mV just by introducing zinc into CoS; Nanoarrays [25]. Also, MnCo204 doped with zinc

enhanced considerably the electrocatalytic performance by narrowing the overpotential by 48
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mV compared to the pristine one [26]. Furthermore, a superior electrocatalytic activity with a
significantly reduced overpotential of 221 mV was achieved when zinc is incorporated into
cobalt-iron LDH Arrays [27].

In the present chapter, zinc-doped lanthanum cobaltite LaCoi1-xZnxO3 with x = 0, 0.1,
0.2, 0.3 and 0.4, denoted as LCZ 00, LCZ 10, LCZ 20, LCZ 30 and LCZ 40, respectively,
were prepared using the sol-gel method and characterized by TGA/DTA, XRD, FTIR, XPS,
SEM, laser diffraction granulometry and the N> adsorption-desorption. The electrocatalytic
performance toward the OER of the elaborated electrocatalysts was examined in alkaline
media, by means of linear sweep voltammetry, anodic Tafel polarization, electrochemical

impedance spectroscopy, and electrochemical stability tests by using chronopotentiometry.

II1.2. Experimental
I11.2.1. Elaboration of LCZ electrocatalysts

The sol-gel technique was used to prepare a series of LaCo1-xZnxO3 perovskite with (x =
0, 0.03, 0.05 and 0.1) using Co(NO3)2.6 H,0O, La(NO3)3.6 H>O, and Zn(NO3),.6 H>O as raw
materials and citric acid (CA) as a chelating agent. As depicted in Fig. IIl. 1, metal nitrates
were dissolved in ethanol separately, whereas the CA was added dropwise to the combined
solution in a molar ratio of 1:1:2 (lanthanum: cobalt—zinc: citric acid). The blended solution
was heated at about 80 °C under vigorous magnetic stirring until a purple translucent gel was
formed. Afterward, the as-prepared gel was dried at around 100 °C in the air for 24 hrs. Then
the obtained dry powder was ground by a mortar and calcined at different calcination

temperatures (800-1100°C) in the air for 6hrs with a 5 °C /min heating rate for giving a black
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powder of LaCo1-xZnxO3 perovskite.

I11.2.2. Electrodes preparation

As presented in Fig. II1. 2 ,the LCZ working electrodes have been deposited by painting
the catalyst ink on a pretreated nickel plates (1 cm?). The powder is suspended in a solvent
chloroform containing 1% polystyrene by mass. A brush is used to paint a thin layer. Once the
deposition is completed, the solvent is evaporated in an air atmosphere until the electrode
dries to carry out the electrochemical tests, where the catalyst mass loading was 8 + 1 mg/cm?
in each sample.

All potentials applied in this chapter are calibrated to the reversible hydrogen electrode

(RHE), and the overpotential (1) are determined using the following equations [28]:
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Fig. II1. 1. schematic description of the LCZ materials preparation via sol-gel method.

' 1% Polystyrene
Chloroform Lcz quvder
$ ‘K il \ Nickel substrate  Electrode
B | |
/ \\" ) —=- / v /
" Catalyst ink preparation Mixing Painting

Fig. I1I. 2. Schematic of LCZ electrodes preparation steps.

Page | 91



Chapter I1I: Synthesis and electrocatalytic properties of
zinc doping lanthanum cobaltite perovskite as an electrocatalyst
for the oxygen evolution reaction

I11.3. Results and discussion
II1.3.1. Structural properties

To explore the thermal stability and decomposition reactions, the solid precursor
obtained at 90 °C was examined using conventional thermal methods (TG/DTA). Since all the
samples based on LaCoOs3 oxides, the LCZ 20 was utilized as a representative (Fig. III. 3).
The TG curve exhibits that the decomposition reaction can be divided into four parts. The first
part (I) of the mass loss occurs between 25 and 190 °C and is accompanied by wide
endothermic and sharp exothermic processes around 125 and 160 °C in the DTA curve,
possibly caused by the elimination of the remaining water and primary decomposition of the
CA chain [29]. The second part (II) of mass loss that appears from 190 to 350 °C along with a
wide-ranging endothermic process at about 248 °C, may be assigned to the transformation
reaction of the citrate to aconitate [30]. The third part (III) of weight loss observed within the
range 350 - 750 °C associated with an endothermic process centred at 430 °C, corresponds
probably to reactions involving organic-metal complexes with escaping gases, such as CO>
[31]. The last part (IV) of weight loss occurs above 800 °C and involves two small
endothermic processes taking place at 830 and 890 °C, may be related to the formation of

LCZ 20 perovskite phase [32].
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Fig. I11. 3. TG-DTA curve of LCZ 20.

In order to determine the crystal structure and the purity, the prepared LCZ powders
have been characterized by XRD analysis. Fig. IIl. 4 displays the XRD patterns of LCZ 00
heated at different calcination temperatures ranging from 800 to 1100 °C. For sample
annealed at 800°C, the diffractogram shows the formation of LaCoO3 perovskite structure as
well as the Co304 spinel structure, where the peaks at 20 = 23.26°, 32.94°, 33.34°, 40. 65°,
41.35°, 47.55°, 53.25°, 53.85°, 59.05°, 59.85°, 69.05°, 69.95°, 78.75°, and 79.45° correspond
respectively to the (012), (110), (104), (202), (006), (024), (122), (116), (214), (018), (220),
(208), (134), and (128) lattice planes of LaCoOs; hexagonal system (JCPDS card

98-016-7257), while the peaks appearing at 26 = 31.4°, 37.08° and 65.4 6° correspond
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respectively to the (220), (311) and (440) lattice planes of Co30O4 cubic system (JCPDS card
01-076-1802). The intensity of these Co3O4 peaks decreases as the calcination temperature

increases and the peaks completely disappear at 1100°C, where a pure LaCoOs3 perovskite is

formed A similar trend has been previously found [33].
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Fig. I11. 4. XRD patterns of LCZ 00 calcined at different calcination temperatures (H LaCoOs3

and * Co304).

Fig. I1I. 5 depicts the X-ray diffractograms of the calcined LCZ powders at 1100 °C for
6 hours. The patterns of LCZ 00, 10, 20, and 30 exhibit a pure hexagonal perovskite structure

(JCPDS card 98-016-7257). As the x value increases to 0.4 (LCZ 40) new peaks appear
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without demolishing the perovskite structure, where the peaks marked with the * symbol
could be linked to ZnO (JCPDS card 98-008-2028) and those marked with the + symbol to
La>ZnOx (JCPDS card 00-042-0340). This result confirms that the cobalt substitution by zinc
is achieved at x < 0.3, whereas another report found that the limit of solubility of zinc is

reached at x = 0.1 when the samples are calcined for 3 hours at 750 °C [34].
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Fig. I1I. 5. XRD patterns of LCZ 00, 10, 20, 30 and 40 calcined at 1100 °C.

A slight shift of peaks to a lower angle with increasing the amount of zinc. Such shift
can be imputable by the fact that cobalt ions were replaced by zinc ions. A comparable

tendency has been previously found, where the substitution of zinc in LaNi1-xZnxO3 causes the
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shift of diffraction peaks to the lower 2 theta value [35]. In addition, the parameters and the
unit cell volumes (Table. III. 1) increase as the incorporated amount of zinc increases. The
possible reason for such increase could be the difference between the Zn (0.74A) and Co
(0.61A) ionic radius [36]. Furthermore, the average crystallite sizes determined by the
Debye-Scherrer formula were evaluated from the peaks corresponding to the (104) and (110)
planes. Such decrease confirms the replacement of cobalt ions with zinc ones in the LaCoO3
lattice.

Table. IIL. 1. Cell parameters and crystallite sizes of LCZ powders.

Sample LCZ 00 LCZ 10 LCZ 20 LCZ 30 LCZ 40
2 Theta (110)  32.9499 32.9432 32.9393 32.9352 32.9339
)
2 Theta (104)  33.3553 33.3479 33.3409 33.3345 33.3291
)
FWHM (110)  0.22434 0.23355 0.24211 0.25941 0.26543
)
FWHM (104)  0.22216 0.23748 0.23328 0.22928 0.25228
)
d 0271618  0.271672 0.271703 0.271736 0.271746
(110)
d 0.268409  0.268466  0.268521 0.268571 0.268614
(104)
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a=b 5.4323 5.4334 5.4340 5.4347 5.4349
(A)

c 13.071 13.075 13.078 13.082 13.085
(A)

\ 334.10 334.30 334.46 334.62 334.71
(A%)

D 37.12 35.19 34.88 34.05 32.04
(nm)

To more investigate the LCZ perovskite structure, the FT-IR analysis was conducted in
the range of 400-2000 cm™'. Fig. III. 6 reports the FT-IR spectra of LCZ 00, 10, 20, 30 and 40
calcined at 1100 °C. The obtained spectra are fairly similar; the IR absorption bands that
occurred around 415, 555, and 595 cm™ may be assigned respectively to the vibrational
stretching bond of La-O, the vibrational bending bond of Co-O-Co, and the vibrational
stretching bond of Co-O of the octahedrally coordinated MOs [37, 38]. The less intense
absorption bands located around 1110, 1388, 1461, 1613 and 1728 cm™! reflect probably the
crystal lattice vibrations of the LCZ perovskite [39, 40]. These findings are coherent with the

above XRD findings and reconfirm the perovskite structure formation.
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Fig. I1I. 6. FT-IR spectra of LCZ powders.

To investigate the elemental composition and the valence state of the LCZ catalysts'
surfaces, XPS analysis was performed on LCZ 00 and LCZ 10 samples. As presented in Fig.
[11. 7a, the principal peaks shown in the complete XPS spectra indicate the existence of O, La,
Co, Zn, as well as the C elements, proving the high purity of the synthesized LCZ samples.
The fine-scanned XPS spectra of La 3d are illustrated in Fig. III. 7b, the peaks situated at
around 841 and 857 eV are probably associated with La 3ds» and 3ds electronic states of
La*" in the LaCoOs, while the other ones located at 844 and 860 eV, might be assigned to
satellite peaks resulting from the transfer of charge from oxygen 2p to lanthanum 4f [41]. The
Cobalt 2p core level spectra are presented in Fig. III. 7c. The two major spin-orbit peaks

located at ~787.5 and ~802 eV could be ascribed to the Cobalt 2p3» and 2pi», where these

Page | 98



Chapter I1I: Synthesis and electrocatalytic properties of
zinc doping lanthanum cobaltite perovskite as an electrocatalyst
for the oxygen evolution reaction

peaks could be deconvolved into four minor peaks situated at 803.3, 800.3, 788.3 and 785.2
binding energies, which are probably associated to Co*" (2p112), Co*>" (2p12) Co*" (2p3») and
Co** (2psn), respectively [42], reflecting the coexistence of Co®>" and Co?" valence states in
the prepared LCZ catalysts. The high-resolution O 1s spectra (Fig. IIl. 7d) are divided into
four minor peaks located roughly at 533.4, 537.2, 540.3 and 542.1 eV, which correspond
possibly to the oxygen of the lattice (O%), strongly oxidative species of oxygen (02>/0"), the
oxygen adsorbed on the surface or hydroxyl groups (OH/O2), and the surface adsorbed H>O,
sequentially [43]. Moreover, the Zn 2p XPS spectrum (Fig. I1I. 7¢) exhibits the presence of Zn
2p12 and 2p3. energy states, revealing the existence of Zn** species in the LCZ catalysts [27,
44]. Indeed, oxygen vacancies within the perovskite-type oxides are considered to be linked to
the oxygen molecules adsorbed on the surface [45]. Besides, the partial replacing of Co (III)
by Zn (II) will yield either an increase in the valence state of Co (III) to Co (IV) or will create
oxygen deficiencies for neutralizing the overall charge of LaCoOs. The relative area of Co
and O species are listed in Table. III. 2. The increase of the (Co*") and (-OH/O,) peaks
relative areas, suggest that the introduction of Zn into the LaCoOs3 led eventually to the
generation of oxygen deficiencies (La[ (Co /Zn)%f, C Offzg ] O5_s), which are regarded as

key factors in improving the OER activity [46].
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Fig. I1I. 7. a) Survey spectra of LCZ 00 and LCZ 10, b) La 3d XPS spectra of LCZ 00 and
LCZ 10 ¢) Co 2p XPS spectra of LCZ 00 and LCZ 10, d) Zn 2p XPS spectra of LCZ 00 and
LCZ 10, and e) O 1s XPS spectra of LCZ 00 and LCZ 10.
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Table. II1. 2. Relative concentrations of Co 2p and O 1s in LCZ 00 and LCZ 10.

Sample LCZ 00 LCZ 10
(%) (o)

0* 7.28 6.86

0%/0 63.23 61.99

-OH/O2 26.78 29.48
H>O 2.71 1. 67
Co*" 25.39 28.96
Co** 74.61 71.04

I11.3.2. Morphological properties

The microstructure of the as-synthesized LCZ perovskite was explored by SEM as
depicted in Fig. IIl. 8a, b, ¢ and d. The surface morphology is nearly identical and its texture
appears to consist of macro-agglomeration of grains, having various shapes and sizes
randomly distributed. Similar trends have been found previously for La;xSrxCoOs [32] and
Lao9Ko.1CoO3 [47]. The agglomerate formation may be due to the solvent nature used in the
synthesis of the samples as reported earlier [48]. It was proven that ethanol treatment of the
precipitate causes interactions between the grains, which induces the forming of chemical
bonds. The presence of black color in SEM images means void, which indicates high surface
area. Besides, the grain size distribution presented in Fig. IIl. 8¢ shows that the grain median

diameter Dso increases, elucidating that increasing the amount of Zn releases the grain growth.
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Fig. III. 8. a, b, ¢c and d) SEM micrographs of LCZ 00, 10, 20 and 30 respectively, c) grain

size distribution of LCZ 00, 10, 20 and 30.

Page | 102



Chapter I1I: Synthesis and electrocatalytic properties of
zinc doping lanthanum cobaltite perovskite as an electrocatalyst
for the oxygen evolution reaction

The EDS analysis was conducted to further explore the purity and elements contained in
the elaborated LCZ samples. The EDS spectra depicted in Fig. III. 9 reveals clearly the
existence of zinc, cobalt, lanthanum, and oxygen atoms. The presence of silver peaks at
around (3 KeV) is most likely resulting from the metallization of the samples before analysis.
No further elemental peaks are present, which demonstrates the high purity of the elaborated

LCZ samples.
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Fig. I11. 9. EDS spectra. a) LCZ 00, b) LCZ 10, ¢c) LCZ 20 and d) LCZ 30.
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N> adsorption-desorption measurements were implemented to assess the pore size
distribution as well as specific surface area of the LCZ microstructure. Fig. III. 10 a, b, ¢ and
d show distinct hysteresis loops with typical type IV isotherm behavior, revealing the
mesoporosity as well as the suspected microporosity of the LCZ catalysts [49]. In addition,
Fig. I1L. 10 e and f illustrate the BJH pore size distribution. The LCZ catalysts have a pore size
ranging from 1.55 to 8.5 nm, and most of the pores are less than 3.5 nm, indicating the
presence of micropores and mesopores.

As a result, the introduction of zinc into LaCoOs; catalyst increases both the BET
specific surface, volume and diameter of the pores (Table. III. 3). We suppose that this will
allow for high accessibility of the electrolyte ions, an enhanced interface (electrode/electrolyte)

and facilitate the diffusion of ions [50].

Table. III. 3. The D50, specific surface area, pore volume, and pore diameter of LCZ 00,

LCZ 10, LCZ 20, and LCZ 30.

Catalyst Dso Specific surface ~ Pore volume Pore diameter
(um) (m*.g") (cm’.g™) (nm)
LCZ 00 2.05 2.58 0.004 1.564
LCZ 10 232 2.77 0.004 1.583
LCZ 20 2.65 2.67 0.006 1.891
LCZ 30 4.05 3.03 0.006 1.564
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Fig. I11. 10. N> adsorption-desorption isotherms of; a) LCZ 00, b) LCZ 10, ¢c) LCZ 20 and

d) LCZ 30. Pore size distribution of; ¢) LCZ 00 and LCZ 10, f) LCZ 20 and LCZ 30.
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I11.3.3. Electrocatalytic properties

The linear sweep voltammograms of the LCZ materials recorded between 1.05 and 1.73
(V vs RHE) in Nj-saturated 1 M KOH at 10 mV.s™! sweep rate are represented in Fig. III. 11.
Apparently, the electrocatalysts behave fairly similarly and the voltammograms can be
divided into three sections: the small increase in the current density over the potential window
of 1.1-1.38 V may be ascribed to the electrochemical double layer formation, the broad peak
appears between 1.37 and 1.53 V possibly because of the intercalation of the electrolyte’s
oxygen ions into the oxygen deficiencies included in the LaCoOs lattice, which leads the Co
(I) to oxidize Co (II) and then to Co (IV) [51, 52], while the continuous increase in the
current density beyond 1.53 V, most likely associated with the OER [53]. In addition, the
substitution of cobalt by zinc can trigger the improvement of the electrocatalytic activity,
where the LCZ 10 electrocatalyst displays the best OER activity compared to the other
studied samples. This is presumably due to a large amount of oxygen vacancies observed in

the previous XPS analysis [46].
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Fig. I1I. 11. linear sweep voltammograms of LCZ electrocatalysts.

The overpotentials and current densities versus the zinc content are given in Fig. I1I. 12.
The LCZ 10 electrocatalyst exhibits the least overpotential of only 325 mV to attain the
specific current of 10 mA.cm?, whereas the undoped LCZ 00, LCZ 20, and LCZ 30
electrocatalysts need overpotentials of 347, 375 and 398 mV, respectively, to afford the
similar current density. Moreover, at a specified overpotential of 450 mV, LCZ10 delivers the
highest current density ~73.41 mA.cm 2, which is about two times higher than that of LCZ 00
~32.57 mA.cm 2. Besides, it has been shown that higher zinc substitution (LCZ 20 and LCZ
30) adversely affect the catalytic efficiency. A comparable performance was shown when zinc

was introduced into LaFeOs [24].
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Fig. I11. 12. Overpotentials and current densities at given current and potential as a function

of LCZ electrocatalysts.

To evaluate the OER kinetic parameters, the anodic Tafel polarization of the LCZ
electrocatalysts were accomplished at 10 mV.s™ scan rate. As illustrated in Fig. III. 13, the
LCZ 10 has the much lower slope of 92 mV.dec™! compared to the studied samples, where
the undoped sample gives 117 mV.dec!, LCZ 20 (102 mV.dec!) and LCZ 30 (128 mV.dec™).
This outcome indicates probably the rapid transfer of electrons and mass in LCZ 10 during the
water splitting reaction [54], which could explain the enhanced electrocatalytic performance

of LCZ 10.
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Fig. I11. 13. Tafel plot of LCZ electrocatalysts.

The alteration of the Tafel slope by zinc doping indicates an adjustment of the
rate-determining step [55]. In fact, it has been proven that the OER rate-step on perovskite is
determined by the removal difficulty of the OH intermediates [56]. Hence, it is possible to
suggest that this change from 117 mV.dec! (LCZ 00) to 92 mV.dec™ (LCZ 10) is caused by
the decreased difficulty in removing OH intermediates. Moreover, Fig. III. 14 exhibits the
Tafel slope versus the overpotential of several perovskite-type-based OER electrocatalysts.
The as-synthesized LCZ 10 demonstrates a comparable and even better performance than

several materials previously reported [16, 22, 41, 57-67].

Page | 109



Chapter I1I: Synthesis and electrocatalytic properties of

zinc doping lanthanum cobaltite perovskite as an electrocatalyst
for the oxygen evolution reaction

9

140+ ?6 61
Ty T 9
S 120- 64
o 60
S T 9
= 100+ This work 59Q
I @ 41 g O
o  80- P
O d 63 9
n 57
e 19 %
© 67
- 40- 9

200 250 300 350 400 450 500 550 600 650
Overpotential (mV)@10mA/cm
Fig. I11. 14. Tafel slopes vs. overpotentials (@10 mA.cm™) of previously reported

electrocatalysts.

Electrochemical impedance spectroscopy was used to obtain further information on the
kinetic process of the OER. Fig. III. 16 presents the obtained Nyquist plots of LCZ
electrocatalysts measured at the obtained potentials corresponding to 10 mA.cm™, along with
their fitted spectra. Fig. III. 15 depicts the equivalent circuit that was used to simulate the
impedance parameters and Table. III. 4 lists the estimated values, in which L, R, Ret, Qai, Ry,
and Qr refer, respectively, to the inductance, electrolyte resistance, constant phase element
linked to the electrochemical double layer, charge transfer resistance, oxide film resistance,

and constant phase element associated with the oxide film capacitance.
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Fig. I11. 15. The equivalent circuits used to fit the impedance data.

Table. III. 4. Electrochemical parameters of LCZ electrocatalysts obtained by fitting

EIS-Nyquist plot with an equivalent circuit model.

Electro- L Rs Rt Qai ndi R¢ Qr nr
catalyst

(107"H) (Q) (Q (Fs"/em?) Q) (Fs"l/em?)
LCZ 00 4.87 2.0 343 0.0167 0.26 802 0.0114 0.97
LCZ 10 1.49 1.5 122 0.0068 0.88 32.2 0.0097 0.51
LCZ 20 12 1.8 248 0.0079 0.85 16.7 0.0117 0.39
LCZ 30 23 2.7 462 0.0044 0.84 23.2 0.0075 0.37

A good correspondence is found between the experimental and simulated curves. The
LCZ 10 electrocatalyst unravels the lowest electrolyte resistance (1.5 Q), elucidating the
enhanced electronic conductivity compared to the pristine one (2 2) [68]. Moreover, the LCZ

10 electrocatalyst also exhibits the lowest charge-transfer resistance followed by LCZ 20,
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LCZ 00 and LCZ 30 respectively, reflecting the good charge-transfer efficiency and also
faster reaction kinetics in comparison with the other samples [53]. The obtained results are
entirely consistent with the LSV and Tafel slope above and strongly confirm that the

incorporation of an appropriate amount of zinc considerably boosts the OER activity of

LaCoOs3 perovskite.
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Fig. I1I. 16. EIS spectra of LCZ electrocatalysts.

At last, the durability of an electrocatalyst is a further key factor to be considered,
particularly for the practical application [69]. The lifetime durability of the LCZ 10
electrocatalyst is tested by using the chronopotentiometry measurement recorded at 10
mA.cm 2 over 24 hours. As illustrated in Fig. III. 17, time-dependent potential of the LCZ 10

electrocatalyst starts to gradually decline up to ~3 hours, this phenomenon is likely to be
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caused by the activation process (i.e. the increase of electroactive sites) [S3]. Thereafter, the
electrocatalyst remains steady up to ~12 hours, then begins to decay gradually up to ~24 hours.
This behavior could be related to the continual formation and destruction of oxygen gas
bubbles on the electrocatalyst’s surface, resulting in an activity loss of less than 4 %,

reflecting excellent electrocatalytic stability toward the OER [62].
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Fig. I1I. 17. Chronopotentiometric measurements of LCZ 10 electrocatalyst.

Conclusions

In summary, we have examined the impact of Zn doping on the structural and
electrocatalytic performance of new LaCo1xZnxOs electrocatalysts elaborated using the
sol-gel technique. The structural analysis confirms that the solubility limit of zinc into

LaCoOs achieved up to x < 0.3. Furthermore, the incorporation of zinc causes the unit cell
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volume to swell, led to the generation of oxygen deficiencies, allows grain size to grow and
increases the pore volume as well as specific surface. The electrocatalytic investigations
demonstrate that Zn-doping with an appropriate amount (x = 0.1) boosts the electrocatalytic
performance of LaCoOs3 toward the OER by reducing the overpotential (only 327 mV), Tafel
slope (92 mV.dec!), resistance of charge-transfer (122 Q) compared to the pristine
electrocatalyst. Moreover, the LCZ 10 electrocatalyst also demonstrates an excellent stability
over 24 hours of use. The outstanding electrochemical performance of this novel LCZ 10
electrocatalyst confirms the promising candidate for replacing precious metal electrocatalysts

for practical alkaline water electrolysis.
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IV.1. Introduction

Increasing energy demand and depletion of fossil fuels have led researchers to focus on
how to stock electricity from sustainable sources through efficient storage devices to
overcome these crises [1]. In the last few years, supercapacitors have aroused extensive
interest among the various energy storage devices, due to their high power density, quick
charging and discharging times, and superior long cycle lifetime. These properties make them
the perfect choice for bridging the void between traditional capacitors and batteries [2].
Despite these advantages, the practical utilization of supercapacitors remains hampered by
their comparatively lower energy density [3]. An efficient approach for boosting
supercapacitors’ energy density is to construct hybrid supercapacitors consisting of a
capacitive electrode (non-Faradaic) as a power source and a battery-type electrode (Faradaic)
as an energy source [4]. This energy storage device can deliver a superior energy density over
traditional capacitors and enhance the power density over batteries [5]. Furthermore, electrode
materials have a significant impact on the supercapacitor performance; substantial research
has been devoted for exploring efficient electrode materials that exhibit both high specific
capacitance and long cycle stability [6]. As a result, transition metal oxides have gained
preponderance due to a better electrochemical stability than conductive polymer materials and
provide more energy density than conventional carbon materials [7].

Perovskite oxides containing transition metals (ABO3;, where A denotes the alkaline
and/or the rare earth metals and B the transition metal) are viewed as potential materials for
supercapacitor electrodes because of their exceptional electronic structures, outstanding ionic
conductivities and excellent thermal stability [8]. Among various lanthanum-based perovskite
oxides (LaMnO3, LaNiOs, LaFeOs, and so on), LaCoO3 has been regarded as a promising and

efficient material for supercapacitor electrodes because of multiple oxidation states of cobalt

Page | 126



Chapter 1V: Synthesis and electrochemical properties
of zinc doping lanthanum cobaltite perovskite as an electrode
material for hybrid supercapacitors

atoms (Co?", Co*", and Co*"), which supply excellent electrochemical redox properties [9, 10].
The existence of oxygen vacancies plays an essential role in improving the specific
capacitance of electrode materials [11]. An effective strategy to improve the oxygen vacancies
is either to dope the A and/or B sites which produces a change in the transition metal
oxidation states , or to generate oxygen vacancies to compensate for the charge [12]. Proof
can be found in previous studies, Lin and co-workers studied the impact of Sr doping on the
specific capacitance of LaxSrixCoOs.5 [13]. The results demonstrated that as the amount of Sr
increases, the amount of oxygen vacancies in the materials increases too, which causes the
specific capacitance to increase from 320 to 747 F.g™!. Likewise, R Mondal et al. [14] reported
the electrochemical performances of La;xKxCoOsz-s with (0 < x < 0.5), where the
LaosKosCoOs-s electrode displays the best capacitance value of 378 F.g'!. B. Zhang and
colleagues have synthesized Sr-doped LaNiOs-; in which doping with 40% Sr?* results in an
increase in the capacitance value from 155.4 to 231.7 F. g’! [15]. Similarly, the incorporation
of 30% Sr** into BiixSrxFeOs.s exhibits the highest value of capacitance 1200 F.g'! [16].
Furthermore, the electrochemical behavior of LaMnixAgsOs-5 was reported by E.
Abdel-Khalek et al [17]. They found that the specific capacitance achieves 80 F.g™! at x = 0.08
which is four times higher than x = 0 (23 F.g'!). In addition, A. N Singh and co-workers
investigated the partial replacement of yttrium with strontium in Y1-xSrxMnQOs-s perovskites
in which the incorporation of Sr with x= 0.5 leads to the enhancement of the specific
capacitance from 91 to 259 F. g’! [18]. Besides, 15% Er-doped ZnMnQ3 nanoflake improved
the specific capacitance of ZnMnOs from 866 to 1558 F.g! [19]. Also, SrTiOs nanofibers
doped with 30% Ce and La(CoCrFeMnNiAlx)is+x) O3 doped with 50% Al enhance the
specific capacitances, respectively, from 1650 to 2895 mF.cm™ [20] and from 281.84 to

353.65F. g 21].
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Zinc has been used as a dopant in several types of materials due to its ability to induce
extrinsic defects [22], as well as its critical role in improving the specific capacitance of
supercapacitors. For instance, X. Qian et al. [23] studied the partial substitution effect of
cobalt with zinc in the hollow ZnxCo3-xS4. They found that the incorporation of Zn*" by 30%
almost doubles the capacitance value. Likewise, S.J. Uke and colleagues confirmed that
zinc-doped MgFe,O4 nanocrystals exhibit the best specific capacitance value (484.6 F. g'!),
which is much greater compared to the undoped (375 F.g'!) [24]. Similarly, J. Wu et al. [25]
demonstrate that the introduction of Zn atoms into MnO enhances the capacitance from 275
to 392 F.g'!. In addition, a similar tendency was found when zinc was incorporated into
Co0Zno5V1.504 [26].

The supercapacitor's energy density and long cycle life are other key factors.
Considerable attention has been focused on improving them. Y. Qiao et al. [27] assembled a
supercapacitor based on SrFeos5Zro.1503-5 cathode, the device provides a high energy density
of 7.6 Wh kg'! with capacitance retention of 67% over 5000 cycles. The characteristics of
ZnCo204 nanosheets are found to be 34.6 Wh kg™! with 93% retention after 3000 cycles [28]
and for Hierarchical NiCo-LDH, they are 22.81 Wh kg with 90.85% retention after 5000
cycles [29]. For MoS>@CoS>, the obtained values are 33.94 Wh kg™ with 88.3% retention
over 10000 cycles [30]. The values for MnO; are 37.92 Wh kg! with 97% retention after
10000 cycles [31]; while for the N-doped porous activated carbon, they are 21.5 Wh kg™ with
90% retention over 25000 cycles [32].

In this chapter, LaCoi-x ZnxOs3 perovskite (x = 0, 0.03, 0.05 and 0.1, denoted as LCZ 00,
LCZ 03, LCZ 05 and LCZ 10, respectively) has been synthesized via the sol-gel route and
investigated to be a material for supercapacitor electrodes. The X-ray Diffraction (XRD), the

FT-IR spectroscopy, the X-ray photoelectron spectroscopy (XPS), the scanning electron
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microscopy (SEM) and the nitrogen adsorption-desorption techniques were used to study the
physico-chemical properties of the prepared materials. While the electrochemical properties
were examined by using cyclic voltammetry followed by charge-discharge, and then

electrochemical impedance spectroscopy techniques.

IV.2. Experimental methods
IV.2.1. Preparation of LaCo1-xZnxO3 powder (LCZ)
The sol-gel technique was used to prepare a series of LaCo;-xZnxO3 perovskite with low

zinc doping (x =0, 0.03, 0.05 and 0.1). The technique is described in details in Chapter III.
IV.2.2. Electrochemical measurements

To yield the working electrodes, a sheet of nickel foam was cleaned in ethanol by
sonication for 2 hours and then dried at 100 °C for 1 hour. As shown in Fig. IV. 1, a solid
precursor of the LCZ or activated carbon (AC), the black carbon (BC) and the
polyvinylidene-fluoride (PVDF) were mixed in an 80:10:10 weight ratio, respectively. The
mixture was well-ground and sonicated with N-methyl pyrrolidone (NMP) for 24 hours to
form a homogeneous slurry. The obtained slurry was coated onto the pre-treated nickel foam

and dried for 24 hours at 80 °C.
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Fig. IV. 1. Schematic of LCZ electrodes preparation steps.
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IV.3. Results and discussion
IV.3.1. Structural and morphological properties

X-ray diffraction was also used to study the low zinc doping impact on the LaCoO3
structure. Fig. IV. 2 depicts the obtained XRD diffractograms of LCZ (00, 03, 05 and 10)
calcined at 1100°C. The patterns are rather similar and exhibit a pure hexagonal perovskite
structure, in which all the diffraction peaks could be indexed to LaCoOs3 hexagonal system
(JCPDS card 98-016-7257). Furthermore, the diffraction peaks slightly shift to the lower 26
values as the incorporated zinc amount increases, which is probably related to the substitution
of the cobalt ions by the zinc ones. This finding is in agreement with a precedent report which
demonstrates that the incorporation of zinc into LaNiO3 perovskite shifts the peaks to a lower

26 value [33].
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Fig. IV. 2. XRD patterns of LCZ 00, 03, 05 and 10 calcined at 1100 °C.
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The lattice parameters values calculated using the Bragg's equation are listed in Table.
IV. 1, indicating that the incorporation of zinc into LaCoOs leads the lattice parameters to
increase which will certainly cause a swelling of the volume of the unit cell, such an increase
is possibly due to the difference between the ionic radius of zinc (0.74A) and cobalt (0.61A).
Similar trends have been previously found for LaCri—xZnxO3 ceramics [34]. Furthermore, the
average crystallite sizes determined by the Debye-Scherrer formula (Table. IV. 1) were
evaluated from the peaks corresponding to the (104) and (110) planes. Such an increase

confirms the replacement of cobalt ions with zinc ones in the LaCoO3 lattice [34].

Table. IV. 1. Cell parameters and crystallite sizes of LCZ powders.

Sample LCZ 00 LCZ 03 LCZ 05 LCZ 10
2 Theta (110) 32.9497 32.9392 32.9304 32.9094
©)
2 Theta (104) 33.3555 33.3410 33.3311 33.3248
©)
FWHM (110) 0.22771 0.22432 0.22066 0.21689
©)
FWHM (104) 0.22921 0.22424 0.21965 0.21113
©)
d (110) 0.271620 0.271703 0.271775 0.271943
d (104) 0.268407 0.268520 0.268598 0.268647
a=b (A) 5.4324 5.4340 5.4355 5.4388
c(A) 13.0726 13.0788 13.0828 13.0834
V (A%) 334.099 334.466 334.742 335.14
D (nm) 36.28 36.95 37. 64 38.73
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The infrared spectra of LCZ (00, 03, 05 and 10) calcined at 1100 °C for 6 hours are
presented in Fig. IV. 3. The spectra are quite similar. The IR band found at 418 cm™! might be
ascribed to the La-O stretching vibration while the doublet absorption bands appearing at 560
and 595 cm™! could be assigned, respectively, to the O-M-O bending vibration and the M-O
stretching vibration of octahedral coordinated MOs (M=Co and/or Zn) [35]. The weak
absorption bands appeared around 1642 and 1384 cm’™, most likely corresponding to the
vibrations of the LCZ perovskite crystal lattices as previously reported [36]. In addition, the
sharp absorption bands located at about 2918 and 2875 cm™! are probably assigned to the CH
and CH vibrations, whilst the broad absorption band appearing in the 3294-3653 cm’! range is
probably related to the O—H vibration of water molecule [37]. These results reconfirm the

formation of the perovskite structure and support the results found in X-ray above.
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Fig. IV. 3. FT-IR spectra of LCZ powders.
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The surface chemical composition of LCZ materials, as well as their valence states, were
further investigated by using XPS analysis. As depicted in Fig. IV. 4, the full spectrum of the
LCZ 05 sample reveals the existence of Oxygen, Lanthanum, Cobalt, Zinc and Carbon

elements, demonstrating the purity of the prepared LCZ materials.
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Fig. IV. 4. Survey spectra of LCZ 00 and LCZ 05.

The high-resolution Co 2p spectra of the LCZ 00 and LCZ 05 materials (Fig. V. 5a and b)
consist of two main characteristic spin-orbit peaks situated at about ~787.5 and ~802.5 eV for
Cobalt 2p*? and Cobalt 2p'?, where each spin-orbit peak can be deconvoluted into two
secondary peaks. Moreover, these deconvoluted peaks located around ~785.5 and ~800.81 eV
could be attributed to the Co*>* valence state whilst those located at about 789.54 and 803.28

eV can be ascribed to the Co?" valence state [13].
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Fig. IV. 5. Co 2p XPS spectra of; a) LCZ 00 and b) LCZ 05.

The high-resolution O 1s spectra of the LCZ 00 and LCZ 05 materials (Fig. IV. 6a and b)

were deconvoluted into four secondary peaks located approximately at 542.04, 540.41, 537.3,

and 533.54 eV, which most likely correspond, respectively, to surface adsorbed H>O, surface

adsorbed oxygen or hydroxyl groups (-OH/O), highly oxidative oxygen species (0*/0") and

surface lattice oxygen (0%) [9, 38].
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Fig. IV. 6. O 1s XPS spectra of; a) LCZ 00 and b) LCZ 05.
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In fact, the partial replacement of trivalent Co®>" ions by divalent Zn** ions will produce a
change in the transition metal valence state (Co®" to Co*") and/or generate oxygen vacancies
to neutralize the total charge in LaCoOs. In addition, the vacancies of oxygen within the
perovskite structure are directly related to the surface adsorbed oxygen molecules. As can be
seen in Table. IV. 2, the increased relative area of (-OH/O.) and (Co?") peaks indicates that the
substitution of Zn into LaCoO; materials resulted in the formation of oxygen vacancies [La

(Co2**, Co125°") O3-5].

Table. IV. 2. Relative concentrations of Co 2p and O 1s in LCZ 00 and LCZ 05.

Sample LCZ 00 (%) LCZ 05 (%)
0* 7.28 0.96

0%/0 63.23 62.14

-OH/O; 26.78 35.8
H>O 2.71 1.1
Co*" 25.39 35.21
Co** 74.61 64.79

The surface morphology of the LCZ perovskite samples obtained at 1100 °C was scanned
by SEM, as can be seen in Fig. IV. 7a-d. It is interesting to notice that the features of the
surface of the samples are almost identical and the texture of the surface consists of distinct
polycrystalline particles with well-defined boundaries of different shapes and sizes. This
could be ascribed to the high calcination temperature, where it was found that as the
calcination temperature increases, the small grains approach each other and merge into larger
grains [39]. In addition, the pristine LCZ 00 ceramic shows the larger grains than the doped

ceramics, indicating that the substitution of cobalt with zinc into LaCoOs3 is effective in
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repressing the grain growth, similar behavior has been found previously when nickel was
substituted into LaCoO3 [40]. Unfortunately, the formation of polycrystalline with boundaries
may reduce the rate capability at high current densities and scan rates and lengthen the ion

diffusion path [41].
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Fig. I'V. 7. SEM micrographs of; a) LCZ 00, b) LCZ 03, ¢) LCZ 05 and d) LCZ 10.

Page | 137



Chapter 1V: Synthesis and electrochemical properties
of zinc doping lanthanum cobaltite perovskite as an electrode
material for hybrid supercapacitors

The Nitrogen adsorption-desorption analysis was performed to further estimate the pore
diameters and the specific surface of the LCZ perovskite powders. The results are given in Fig.
IV. 8 and listed in Table. IV. 3. According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, the LCZ samples exhibit a typical IV isotherm with
H4-type hysteresis loops, demonstrating the mesoporous characteristics of LCZ materials
(pore diameters ranging from 3.8 to 7.19 nm) and the narrow slit-like pores [42].

The specific surface area increases slightly with increasing incorporated zinc amount and
then decreases for the LCZ 10 sample. Such change could be attributed to the decrease and
then the increase of the particle size observed in the SEM analysis above. Additionally, the
highest values of pore volume and diameter as well as the specific surface of LCZ 05 sample
can facilitate the diffusion of ions from the electrolyte within the electrode material with
reduced resistance and can also enhance the electrode-electrolyte interface to supply further

electroactive sites to boost the electrochemical performance [43].

Table. IV. 3. The specific surface area, pore size, and pore volume of LCZ 00, 03, 05, and 10.

Sample Specific surface Pore diameter Pore volume
(m2.g™h (nm) (102.cm’ gt
LCZ 00 2.2207 4.74 3.70
LCZ 03 2.2475 4,72 4.21
LCZ 05 2.6499 7.19 4.75
LCZ 10 2.3417 3.80 3.47
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Unusually, the hysteresis loops of the adsorption-desorption isotherms remain open even

at a lower relative pressure, most likely due to the weaker outgassing temperature, i.e., the

adsorbed molecule cannot be fully extracted during the desorption process. This phenomenon

can be explained by the non-reversible uptake of molecules into pores or through the inlets

which have a width similar to that of the adsorbate molecules. It can also be caused by the

non-rigid porous structure swelling or by the irreversible chemical reaction between adsorbate

and adsorbent [42].
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Fig. I'V. 8. N> adsorption-desorption isotherms of LCZ powders.
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IV.3.2. Electrochemical performance

Cyclic voltammetry (CV) was realized to assess the storage mechanism of the
synthesized electrodes. Fig. I'V. 9 displays the cyclic voltammograms of LCZ (00, 03, 05 and
10) electrodes recorded at a sweep rate of 10 mV.s™!, across a potential working window of
-0.05 to 0.45 V, in an aqueous solution of IM KOH. The obtained CVs curves have a similar
form and clearly reveal the existence of redox peaks, indicating that the LCZ electrodes have
a battery-type behavior. Furthermore, the two pairs of the obvious redox peaks may be
ascribed to the reversible Faradic reaction associated with the (Co**/Co*") and (Co*"/Co*)

couples [12, 44].
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Fig. IV. 9. CV curves of LCZ electrodes performed at a constant sweep rate of 10 mV.s™.
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Based on the CV and the XPS results above, and also previous literature [12, 45, 46], we
may infer that the electrochemical storage mechanism of LCZ perovskite in alkaline
electrolyte could be regarded as an intercalation of oxygen ion mediated by the oxidation of

cobalt atom, which can be expressed by Egs. IV.1 and IV.2, and illustrated in Fig. IV. 10.

La[Co%E, Co3t,5]05_5 + 280H™ = LaCo3*0; + 28e™ + 8H,0 (IV. 1)

LaCo3*0; + 260H™ = La[Co3z,Co3T,5]0545 + 28e™ + 8H,0 (IV.2)

As shown in Fig. IV. 10 and Eq. (IV.1), the OH" ions adsorbed on the perovskite surface
will intercalate to the oxygen vacancies by leaving a proton H', where it associates with
another OH to produce H,O. While the diffusion of O ions along the octahedral edges of the
unit cell fills the oxygen vacancies; this leads to the oxidation of two Co?" to two Co>" states
per one oxygen ion intercalation. Then in the next reaction described in Eq. (IV.2), the excess
of oxygen ions is intercalated to the surface thru the diffusion of cobalt center to the surface
accompanied by the oxidation of two Co®" atoms into two Co*" states. These results suggest
that the LCZ 05 electrode has more oxygen vacancies and support the XPS finding results.
Moreover, the integrated areas of the CVs curves are 0.67, 1.68, 2.69 and 2.04 for LCZ 00, 03,
05 and 10 respectively. This proves that the LCZ 05 electrode possesses the highest specific
capacitance [13]. These results indicate that the partial substitution of cobalt ions by zinc has
a beneficial impact on enhancing the electrochemical performance via the creation of oxygen

vacancies.
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Fig. IV. 10. Mechanism of oxygen intercalation into LCZ electrode materials in alkaline
electrolyte.

Fig. IV. 11 exhibits the cyclic voltammograms of the LCZ electrodes measured at several
sweep rates ranging from 2 to 100 mV.s™ over a potential working window of -0.05 to 0.45V.
A pair of redox peaks are seen in the first two sweep rates (2 and 5 mV.s'). Whereas, as the
sweep rate hikes up to 100 mV.s™!, the peaks of both anodic and cathodic branches have fused
into one broad anodic and cathodic peak. Moreover, increasing scan rate leads the current
density to increase, and the potential position of the redox peaks to shift without any
noticeable change in the shape of the graph. The positions of the oxidation peaks are shifted to

a higher potential, while the reduction peaks shift to a lower potential (the obtained values are
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listed in Table. IV. 4). These results indicate that the LCZ electrodes have a good rate

capability and low polarization [47, 48].
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Fig. IV. 11. CV curves of LCZ electrodes measured at different sweep rates (2-100 mV.s™); a)
LCZ 00, b) LCZ 03, d) LCZ 05 and d) LCZ 10.

To further understand the kinetics as well as the storage mechanism of the LCZ

electrodes, the data of the CV were analyzed, at different scan rates, based on the power's law

equation (IV.3) [49, 50].

i,(V) =a.v? (IV.3)

where, 1 is the current density, (a) and (b) are adjustable parameters and v the sweep rate.
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The value of b can be obtained from the slop of the (log ip) - (log v) plot. When b = 0.5,
it can be inferred that the electrode material storage mechanism is a completely
diffusion-controlled one. Whereas, b = 1 corresponds to the complete capacitive-controlled
processes. As illustrated in Fig. IV. 12 and Table. IV. 4, the obtained b values of the anodic
and cathodic peaks demonstrate that the process of reaction of LCZ electrodes is a mixture of

both diffusion and capacitive-controlled processes [50].
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Fig. I'V. 12. Relationship log (peak current) and log (sweep rate).

Table. IV. 4. The oxidation, reduction peaks shift and b values of the LCZ electrodes.

Electrode Oxidation peaks Reduction peaks ~ Anodic b value Cathodic b value
shift (mV) shift (mV)
LCZ 00 105 39 0.73 0.75
LCZ 03 92 95 0.84 0.88
LCZ 05 108 69 0.69 0.71
LCZ 10 134 24 0.89 0.81
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The specific capacitance of the LCZ electrodes, determined from the CV profiles, as a
function of the sweep rates (2-100 mV.s™) is illustrated in Fig. IV. 13. The highest specific
capacitance values are achieved at a lower sweep rate and then start to decrease with
increasing scanning rate up to 100 mV.s'. This is probably due to the fact that electrolyte
species at faster scan rates have no optimum time to permeate into the active site and to
complete the reaction process [S1]. The values of the specific capacitance obtained at 2 and
100 mV.s! are listed in Table. IV. 5. These results suggest that the LCZ 05 electrode has the

highest specific capacitance and a moderate capacitance retention.
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Fig. I'V. 13. Specific capacitance vs. sweep rates determined from the CV curves.

Table. IV. 5. The specific capacitance and retention obtained from CV and GCD curves.

Electrode Csat(2mV.s!)  Cs retention (%) Csat (0.5A/g) Cs retention (%)

(F/g) at (100 mV.s™) (F/g) at (5A/g)
LCZ 00 72.37 53.18 78.02 81.56
LCZ 03 179.12 52.86 194 .87 81.11
LCZ 05 300.29 47.79 315.15 78.40
LCZ 10 226 36.46 238.01 71.48
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Galvanostatic charge-discharge (GCD) was implemented to further explore the properties
of energy storage of the synthesized electrodes. Fig. IV. 14 represents the comparative GCD
curves of LCZ electrode materials measured at a constant current density of 1A/g within a
potential working window, -0.05 to 0.45 V, in IM KOH. The charge-discharge curves show a
non-linear behavior, indicating a battery-type nature of the LCZ electrodes. In addition, the
presence of a potential plateau on both charging and discharging curves inevitably signifies
the existence of faradaic redox reactions [52, 53]. Moreover, the partial substitution of Co by
Zn increases the charge-discharge time, where the highest is observed for LCZ 05 followed by
LCZ 10, 03 and 00 respectively. This means that the partial incorporation of zinc into LaCoO3
enhances the ionic conductivity and provides a higher specific capacitance. A similar tendency
was found when Fe was incorporated into Lao 7Sro3MnixFexO3 [54]. Furthermore, a potential
drop (IR) at the beginning of the discharge curves has been observed, in which LCZ 05 shows

the minimum value, suggesting that LCZ 05 has a low internal resistance [55].
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Fig. IV. 14. GCD curves of LCZ at a constant current density of 1 A/g.
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GCD measurements were also carried out at various current densities (0.5 to 5 A/g), over
a potential window of -0.05 t00.45V. As demonstrated in Fig. IV. 15, the LCZ electrodes
clearly display battery-type behavior, which corresponds well to the CVs analysis. The
charge-discharge curves kept in shape as the current density increased, suggesting that the
LCZ electrodes are ideally suited for use as a supercapacitor electrode [5]. Besides, distinct

potential plateaus are observed, proving the presence of oxidation-reduction reactions [53].
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Fig. I'V. 15. GCD curves recorded at different current densities; a) LCZ 00, b) LCZ 03, d)

LCZ 05 and d) LCZ 10.
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The increased current density leads to the reduction of both the charge and discharge
time and to the increase of the potential drop (IR). This is possibly explained by the fact that,
at weaker current density, the electrolyte species have optimum time to intercalate into the
active surface of the electrode and complete the faradaic reaction [11, 56]. Specifically, the
LCZ 05 electrode shows a longer discharge time, as well as lower IR values at all current
densities, which implies the capability to provide more specific capacitance, a better

conductance of the charge transport and a reduced internal resistance [56].

The calculated specific capacitance from the GCD curves versus several current densities
(0.5 to 5 A/g) is presented in Fig. IV. 16. As expected, the highest specific capacitance values
are achieved at a lower current density and then gradually reduce with increasing current
density up to 5 A/g. This behavior can be explained by the fact that at higher current densities,
oxygen ion does not have adequate time to permeate into the active site of the electrode
material and intercalate in the oxygen vacancies [57]. Particularly, the values of the specific
capacitance obtained at 0.5 and 5A/g, are illustrated above in Table. IV. 5, thus revealing the
good rate capability of the LCZ electrodes [52]. It is worth mentioning that the capacitance
values obtained from GCD graphs at 1 A/g are compatible with the estimated values from the
CV at 2 mV.s'!. These results agree well with the above CV results and reconfirm that the

LCZ 05 electrode has the largest specific capacitance and a moderate capacitance retention.
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Fig. IV. 16. Specific capacitance vs. current density determined from the GCD curves.

Electrochemical Impedance Spectroscopy was implemented to obtain a better assessment
of the conductivity, to deeper understand the charge transfer kinetics, and to describe the ions
diffusion process at the interface (electrode-electrolyte) during the process of charge and
discharge. Fig. I'V. 17 illustrate the Nyquist impedance with the corresponding fitted spectra of
the LCZ electrodes recorded at open circuit potential (OCP) with an amplitude of 10 mV,
within a frequency range of 100 kHz to 10 mHz. The equivalent circuit for adjusting the
impedance parameters is presented in inset of Fig. IV. 17 and the calculated values using
EC-Lab software are summarized in Table. IV. 6, where Rs Ret, Ws, Qai, and Qr represent
respectively the internal resistance, the resistance of charge transfer, the Warburg element, the
double-layer capacitance, and the faradaic capacitance (a constant phase element (CPE) was
used due to the non-ideality of the two capacitances of real systems). The Nyquist plot could
be divided into three parts; the high-frequency region where the curves begin, the interception

between the spectrum and the real impedance axis (Z) involves the internal resistance (Rs),
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which comprise the electrolyte’s ionic resistance, the active material intrinsic resistance and
the interfacial contact (electrode-electrolyte) resistance [12]. Obviously, the LCZ 05 electrode
exhibits the lowest Rs value (0.907 Q.cm™) indicating a lower internal resistance, i.e., the
improved electronic conductivity [58], which is consistent with the lower IR drop found in the
previous GCD analysis. In the mid-frequency region, the presence of a semicircle is produced
by a double-layer capacitance (Qai) in parallel with an interfacial charge transfer resistance
(Ret). Clearly, the LCZ 05 electrode reveals the lowest Re¢ value (2.106 Q. cm™) as well as the
highest Qai value (0.005468 F. s™!'.cm?) compared to the other electrodes. This elucidates
both the excellent electrochemical activity (i.e., the interfacial charge transfer process
becomes much easier) as well as the larger electrode-electrolyte interface area [59], which is
consistent with the specific surface results. The inclined part of the semicircle towards the
low-frequency region reveals the Warburg impedance, which is an outcome of the diffusion of
ions, where more important slope means a lower diffusion resistance [60]. Distinctly, the
slope of the slant line of the LCZ 05 electrode is the largest, followed by that of LCZ 10, LCZ
03 and LCZ 00, indicating the improved electrochemical capacitive behavior and a reduced
diffusion resistance (0.648 Q. sCY?.cm?) [58]. This is probably due to a large amount of
intercalated oxygen [61], thus leading to the higher faradic capacitance (0.06896 F.s"!.cm™)
[59]. This finding is well consistent with the previous CV and GCD results, which clearly
confirm that the substitution of cobalt with an appropriate zinc amount significantly improves
the electronic conductivity and the electrode-electrolyte interface area and reduces the
interfacial charge transfer resistance as well as the ions diffusion resistance of LaCoOs3

perovskite.
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Fig. IV. 17. Comparative EIS spectra of LCZ electrode measured at open circuit potential in

the frequency range from 10 mHz to 100 kHz.

Table. IV. 6. Electrochemical parameters from EIS-Nyquist plot of LCZ electrodes obtained

by fitting EIS with an equivalent circuit model (X*=0.9 107).

Electrode Rs Ret Qui nd Ows Qs ng

(Q.cm?)  (Q.cm?) (F.s™'.cm?) (Q.s?)  (Fs™l.cm?)

LCZ 00 1.184  4.557 0.001366 0.865 16.21 0.01862 0.811

LCZ 03 1.159 4454 0.001511 0.836 9.461 0.02502 0.820

LCZ 05 0.907 2.106 0.005468 0.751 0.648 0.06896 0.879

LCZ 10 1.103 3.613 0.003193 0.803 3.558 0.03489 0.841

LCZ 05*  1.227 12.39 0.003448 0.857 8.504 0.02679 0.799

LCZ 05%; after 5000 cycles.
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The long-term cycle stability and the coulombic efficiency are significant factors in
determining the practical applicability of electrode materials for supercapacitors. We have
conducted 5000 successive charge and discharge cycles between -0.05 and 0.45V at a constant
current density (5 A/g) to evaluate the cycling stability and the coulombic efficiency of the
LCZ 05 electrode material. The results are given in Fig. IV. 18. Obviously, the specific
capacitance starts to increase quickly up to the 50th cycle, achieving 103.33% of the initial
specific capacitance. This behavior could be imputed to the activation process of the electrode
material (i.e. increased electroactive sites), thus resulting in the enhancements of the
capacitance [62]. Beyond the 50th cycle, the specific capacitance begins to gradually decline,
retaining approximately 85.73% of its original capacitance at the 5000th cycle. This
phenomenon could be explained by the fact that filling vacancies with oxygen ions from the
electrolyte during the charging process cannot be fully extracted during the discharging
process; This means that the number of oxygen ions intercalated decreases with the increasing
cycle number [57]. In addition, the initial charge capacitance is greater than the discharge
capacitance, leading to a coulombic efficiency of 95.15%. This is consistent with the CV and
GCD analyses above, where the oxidation current was higher than the reduction current and
the charge time was longer than the discharge time. Afterward, the charging and discharging
capacitances become almost identical, causing the coulombic efficiency to reach 98.81% at
the 5000th cycle, suggesting that the Faradic reactions become more reversible (i.e., the ratio
of intercalated/deintercalated oxygen ions is close to 1) [62]. This finding demonstrates the

excellent cyclic durability as well as the good rate performance of the LCZ 05 electrode.
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Fig. IV. 18. Cycling performance of LCZ 05 measured at a constant current density of 5 A/g.

To further investigate the reason for the specific capacitance loss during the stability test,
EIS was implemented under the same conditions as mentioned above (OCP, amplitude and
frequency). Fig. IV. 19 shows a comparison of the EIS curves before and after stability testing.
The model of equivalent circuit used to fit the impedance parameters was the same as
described in inset Fig. [V. 17, and the estimated values are summarized at the bottom of Table.
IV. 6. The internal resistance, charge transfer resistance, and diffusion resistance increased
after 5000 successive charge-discharge cycles, which means that the electrode conductivity
decreased and the interfacial charge transfer process and ion diffusion become more difficult.
In addition, the double-layer capacitance has decreased, indicating a decrease in the
electroactive surface area. This could explain why the electrode loses its specific capacitance

after the stability test.
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Fig. IV. 19. Comparative electrochemical impedance spectra before and after 5000

charge-discharge cycles.

IV.3.3. LCZ 05//AC Hybrid supercapacitor

Hybrid supercapacitors (HSCs) are the outcome of combining two dissimilar electrodes
with different charge storage mechanisms, i.e., using one battery-type (faradaic) electrode and
one capacitive (non-faradaic) electrode. This combination approach has been put forward to
overcome the factor of energy density of both traditional EDLCs as well as pseudo-capacitors
[63]. To demonstrate the viability of the LCZ 05 electrode in practical energy storage systems,
a hybrid supercapacitor has been constructed using LCZ 05 (anode) and AC (cathode) in 1M

KOH electrolyte solution.
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To determine the potential working window and to ensure the balance of charge between
the negative and positive electrodes of the hybrid device, the individual electrochemical
performance of AC and LCZ 05 electrodes has been examined (three-electrode cell). As
displays in Fig. IV. 20, the CV curve of the LCZ 05 electrode shows battery-type performance
between —0.05 and 0.45 V, while the AC electrode reveals a typical EDLC feature within the
range of —1.05 to 0.05 V, demonstrating the suitability of these two electrodes for the
assembly of HSCs. Based on these assessments and the charge balance equation (IV.4) [64],
the mass loading ratio of positive and negative electrode materials was set to 1:2.

m*  Co.AV™ av.4)
m-  CS.AV* '

where Cs (F/g) is the specific capacitances, m (g) is the active material mass and AV (V) is
the potential window; the (-) and (+) signs refer to negative and positive electrodes

respectively.

——AC
——LCZ 05

Current (A/g)

12 10 -08 06 04 -02 00 02 04 06
Potential (V)

Fig. IV. 20. Individual CV curves of AC and LCZ 05 electrodes recorded at 2 mV.s™.
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Fig. IV. 21 displays the CV graphs of the LCZ 05//AC device measured at several sweep
rates within the optimal potential window. At low sweep rates, the obtained CV curves reveal
a pseudo-rectangular shape, confirming the formation of fine EDLC and faradaic capacitance.
This electrochemical signature is expected from hybrid devices that involve two dissimilar
electrodes with different charge storage mechanisms (battery and capacitive type) [54].
Notably, the CV curves retained their shape as the scanning rate increased from 2 to 100

mV.s™!, denoting the excellent rate capability of the LCZ 05//AC hybrid device.
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Fig. IV. 21. CV curves of LCZ 05//AC measured at various sweep rates (2-100 mV.s™).

The GCD measurements at several current densities are given in Fig. IV. 22, the
discharging profiles can be split into two sections. The first non-linear section between 1.5
and 0.3V confirms the presence of a faradaic redox reaction, while the second section

occurring from 0.3 to 0 V linearly bends towards higher discharge time values, indicating that
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both redox reactions and electrochemical double-layer capacitance participate in the
charge-discharge process [44]. Moreover, the charge-discharge curves exhibit a
non-symmetrical behavior, reflecting the reduced reversibility of the device [65]. These

results are compatible with the above cyclic voltammetry findings.

Potential (V)

0,0 . : .

0 200 400 600 800 1000
Time (s)

Fig. IV. 22. GCD curves measured at various current densities (0.5-3 A/g).

The calculated values of the specific capacitance from the previous GCD and CV analysis
are shown in Fig. [V. 23. According to the CV findings, the LCZ 05//AC device lost ~75% of
its original capacitance upon increasing the sweep rates from 2 to 100 mV.s!. Likewise, the
hybrid device retained ~52% of its original capacitance upon increasing the density of current
from 0.5 to 3 A/g. Furthermore, it is worth mentioning that the specific capacitance values

obtained at 1.5 A/g are compatible with the estimated values at scan rate of 10 mV.s™.
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Fig. IV. 23. Capacitance versus: 1) sweep rates and 2) current densities determined from the

CV and GCD curves.

The energy and power densities of LCZ 05//AC hybrid supercapacitor were determined
based on the previous charge-discharge data using Eqs (ILI.5) and (I1.6). The results are
represented in the form of Ragone plot (Fig. IV. 24). The LCZ 05//AC device can provide a
maximum energy density of 36.12 Wh/kg at a power density of 390.35 W/Kg, and still
delivers a high energy density of 18.02 Wh/kg even at a high power density of 1900 W/Kg.
These results demonstrate that the developed device is comparable and even superior to

several previously reported devices [8, 9, 12, 13, 44, 66-68], as listed below in Table. I'V. 7.
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Fig. IV. 24. Ragone plot.

Table. IV. 7. Comparison of the energy and power densities of the constructed device with

other supercapacitors

Supercapacitor Electrolyte Working  Energy = Power Cyclic Ref
Potential  density  density stability

(V) (Wh/kg) (W/kg) (Cycles)

LaCoOs@rGO/AC  3M KOH 1 5.4 1250 76% [44]
(5000)

LaCoOs@rGO/AGO  6M KOH 1.7 17.62 170 94% [9]
(10000)

LaCo0s//GO 6M KOH 1.6 4764  804.4 100% [12]
(4000)
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LaxSr1.xCoO3//AC M 2 277 500 80% [13]
NazSO4 (2000)

LaxSr1-xCoOs// M 1.5 34.8 400 97% [13]
LaxSr1-xCoO3 NaySO4 (2000)

LaAlOsfGO/AC 1M KOH 1.5 15 500 85% [66]
(3000)

LaFeOs//LaFeOs IM 2 34 900 92% [67]
NaySO4 (5000)

LaxSrixMnO3/AC 1M KOH 1.2 3.9 120 47% [68]
(5000)

La;xCaxMnOs/ 1M KOH 1.2 7.6 160 7.7% 8]
La;.xCaxMnOs (2000)

LaCoo95Zno0sOs// 1M KOH 1.5 36.12 390.35 81% Our

AC (5000) Work

Fig. IV. 25 depicts the Nyquist plot of LCZ05//AC hybrid supercapacitor recorded under
the same conditions as mentioned above (OCP, amplitude, and frequency), where the
impedance spectrum was fitted to the same equivalent circuit as described above in inset Fig.
IV. 17. Compared to the individual electrode, the internal resistance value (4.82 Q.cm™)
increases once the cell is assembled, thus causing the increased IR drop in the preceding GCD
curves. On the other hand, the charge transfer resistance and the diffusion resistance values
have been estimated to be around 7.51 and 11.61 Q.cm™, respectively. Such low resistances

indicate the exceptional conductivity of the assembled device.
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Fig. IV. 25. EIS spectrum performed at open circuit potential in the frequency range from

0.01 Hz to 100 kHz.

In order to assess the sustainability, the as-manufactured hybrid supercapacitor was
subjected to 5000 successive charge and discharge cycles at 3 A/g current density with 1.5 V
operating voltage. As shown in Fig. V. 26 , it can be noticed that the value of the specific
capacitance of the first 2500 cycles looks like hills, this behavior could be related to the
activation and deactivation processes of the electrode materials. Thereafter, the specific
capacitance starts to progressively decrease, retaining around 81% of its primary specific
capacitance at the 5000th cycle, indicating a good cycle stability. In addition, the
corresponding coulombic efficiency is about 68.78% revealing the poor charge-discharge

reversibility, which is consistent with the GCD and CV analyses.
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Fig. I'V. 26. Stability test of the constructed device recorded at 3 A/g for 5,000 cycles.

To exemplify the practical application of the LCZ05//AC, two devices serially connected
were used to illuminate a red LED as depicted in Fig. [V. 27 and Fig. IV. 28. These results
demonstrate the considerable performance of the LCZ 05//AC hybrid supercapacitor and the

promising prospects for energy storage applications.
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Fig. I'V. 27. Photograph of a red LED connected with two cells serially connected.
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Fig. I'V. 28. Photograph of a red LED eliminated with two cells serially connected.
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Conclusions

In summary, zinc doped lanthanum cobaltite perovskite was successfully synthesized via
the sol-gel process, using nitrate salts of zinc, lanthanum, and cobalt as cations source and
citric acid as a complexing agent. XRD, FT-IR, and XPS analysis confirm the formation of
highly pure perovskite without secondary phases at 1100 °C. SEM and specific surface
analysis show that the surface morphology consists of polycrystalline with different shapes
and sizes as well as the mesoporous structure. Electrochemical measurements exhibit that zinc
doping improves the performance of LaCoOs by enhancing the conductivity, the
electrochemical activity, as well as the electrode-electrolyte interface area. Among the
synthesized electrode materials, the LCZ 05 electrode provides the highest specific
capacitance value (300.47 F/g) which is approximately four times greater than pristine
electrode LCZ 00 (75.36 F/g), and also demonstrates excellent retention of capacitance of
85.73% after 5000 cycles. Additionally, the practical performance of the LCZ 05 electrode
was further investigated by assembling a hybrid supercapacitor (LCZ 05//AC). The assembled
device can achieve 60 F/g at 3 A/g and retain 81% of its primary capacitance after 5000
successive cycles. Moreover, the device can supply a maximum energy density of 36.12
Wh.kg! with a power density of 390.35 W.kg!, and still provides a high energy density of
18.02 Wh/kg even at a power density of 1900 W/Kg. The magnificent electrochemical
properties of this new hybrid supercapacitor based on a novel zinc-doped lanthanum cobaltite
electrode confirm the promising applicability of this novel electrode material in the

next-generation supercapacitor electrodes.
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1. General Conclusion

Our thesis, which consists of two parts, has enabled us to develop new efficient
electrode materials for energy storage and conversion.

In the first part of the work, a series of LaCoi1xZnxO3; perovskites with high
concentrations of zinc dopant (x =0, 01, 01, 03 and 0.4) were successfully synthesized via the
facile sol-gel route and investigated for their structural, morphological and electrochemical
properties for possible use as electrocatalysts for the oxygen evolution reaction. Thus, the
main conclusions drawn are as follows:

The structural analysis confirms that the solubility limit of zinc in LaCoOs is reached
up to x < 0.3. Furthermore, the introduction of zinc at high contents provokes swelling of the
unit cell volume, the generation of oxygen deficiencies, allows the growth of the grain size
and augments the pore volume as well as the specific surface. The electrocatalytic
investigations demonstrate that Zn-doping with an appropriate amount (x = 0.1) boosts the
electrocatalytic performance of LaCoOs toward the OER by reducing; the overpotential, Tafel
slop, resistance of charge-transfer, and enhancing the electronic conductivity compared to the

pristine electrocatalyst.

In the second part of the work, a series of LaCo1-xZnxO3 perovskite-type oxides with
low concentrations of zinc dopant (x = 0, 0,3, 0,5 and 0.1) were elaborated via the same
process and investigated for their structure, morphology, porosity, as well as the
electrochemical performances for potential use as a material for hybrid supercapacitor

electrodes. Therefore, the main conclusions drawn are as follows:
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The XRD and XPS analysis demonstrate that the incorporation of zinc leads to a
swelling of the unit cell volume and the generation of oxygen vacancies. SEM analysis
reveals that the surface consists of distinct polycrystalline particles with well-defined
boundaries of different shapes and sizes and also demonstrates the substitution of cobalt with
low amounts of zinc is effective in repressing grain growth. Furthermore, N> physisorption
analysis shows the mesoporous structure and that the specific surface area increases slightly
with increasing incorporated zinc amount. The electrochemical measurements exhibit that
zinc doping improves the performance of LaCoO3 by enhancing the specific capacitance, the
conductivity and the electrochemical activity (reducing the charge transfer resistance), as well

as the electrode-electrolyte interface area.

2. Perspectives and future work
In this thesis, we set out to synthesize electrode materials for supercapacitors and
oxygen evolution reaction. However, many issues need to be addressed from material
synthesis to prototype construction.
Several suggestions for future research are offered:

» Understanding the reaction mechanisms of the developed materials is not sufficient. They
can be further studied by applying some in situ techniques, such as XRD and SEM. More
interesting information about the changes in the materials during the electrochemical
process would be obtained, which could be useful to improve their performance.

> Based on the current results, it can be seen that the stability of the materials is not too

perfect. Further efforts must be made to improve their stability, for example by increasing
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the conductivity by making hybrid materials with graphene and CNT, and by redesigning
the electrode structures.

The electrolysis of water in this work was carried out in fresh water. So we look forward
to the future use of sea water or waste water.

The supercapacitor in this work was constructed in a beaker and the cell structure is also a
very preponderant factor influencing the performance of the supercapacitor. More
sophisticated designs, such as coin cells and cylindrical cells, can be applied.

In addition to experimental exploration, computational simulation at the molecular level
can be a powerful tool to better understand the properties of a material, which could be

useful for designing high-performance electrodes and solving current problems.
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