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Preface

The chemistry of cobalt compounds has attracted attention in recent years due to its
applications in biological systems as antimicrobial agents and antibacterial agents.
To design new drugs, medical chemistry can take advantage of the properties of
cobalt ions and compounds. Cobalt studies continue because of their wide range of
functions and applications in pharmaceutical technology. These studies have led to
the emergence of medical bioorganometallic chemistry and the expansion of medi-
cal inorganic chemists. Studies in this field have led to new and difficult questions
to date and this will continue. A recent literature review showed that many new
cobalt compounds have been used in many different areas as scientists are seeking
answers to these questions.

This book presents knowledge of the new cobalt compounds that can be used in
many different applications for scientists, engineers, and students. The chapters
include novel approaches of cobalt, nanostructured cobalt, new catalysts in some
reactions, and biological systems and technologies.

We hope that the book will shed light on new horizons for scientists, engineers, and
students.

Aynur Manzak
Department of Chemistry, Sakarya University,
Sakarya, Turkey

Yasemin Yildiz
Vocational School of Health Services, Sakarya University,
Sakarya, Turkey
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Chapter1

Introductory Chapter: Cobalt
Compounds and Applications

Aynur Manzak and Yasemin Yildiz

1. Introduction

Cobalt has a subject of extensive research and application area due to being
ferromagnetic with high thermostability, multivalent, a high-melting point
(1493°C), and retaining its strength to a higher temperature [1]. Some of them are
antimicrobial agents in biological systems, biocompatible magnetic-fluids, hybrid
supercapacitors, magnetic resonance imaging and controlled drug delivery, nano-
structured cobalt gas sensors, microwave absorbing paints and catalytic activity in
some reactions, active sites for electrochemical applications [2].

Some of these extensive functions and applications can be mentioned. Cobalt
ferrite (CoFe,O4) has a great physical and chemical stability and large anisotropy,
making it suitable for biomedical applications. It has a magnetic property due to its
tetrahedral (Td) and octahedral (Oh) sites, which include cation. Also, it is used
to enhance the scope of materials in the biomedical field. Synthesis of CoFe,0, is
carried out by the following methods: sol-gel [3], solid-state reaction method [4],
microemulsion [5], combustion [6], chemical coprecipitation [7], hydrothermal
method [8], etc. [9].

The CoFe;0, is a suitable material in energy harvesting/storage and conversion,
pathogen detection, chemoresistive sensor, and dye degradation. Besides these fea-
tures, it also has applications such as magnetic resonance imaging, magnetic fluid
hyperthermia, drug delivery, and tissue repair. CoFe,O, ferrite nanoparticles can
be utilized in various antimicrobial applications that they have good antimicrobial
activity against all tested bacteria, especially, Gram-negative bacteria. This feature
of theirs can bring a new perspective to future studies in other ferrite and composite
structures [10]. Also, the antimicrobial activity of CoFe,0, was augmented with
the addition of silver in some research [3, 11-13]. Kooti et al. [14] found that the
antibacterial activity of Ag-coated CoFe,O, nanocomposites is more efficient than
Ag nanoparticles [9].

Cobalt oxide nanostructures have the matchless advantages of high theoretical
capacity, highly active catalytic properties, and outstanding thermal/chemical
stability. So, they are used as electrode materials for various electrochemical appli-
cations. Cobalt oxides are used in many research areas. They are abundant on earth
and low cost and have environmental compatibility and excellent thermal stability
and exceptional physical and chemical properties. Cobalt oxides have been success-
fully synthesized and used so far for various applications. These metal oxides stand
out in applications of electrochemical energy devices. It will be used in theoretical
calculations and simulations in the design of new cobalt oxide-based materials for
practical applications in new studies. These studies encourage nanoscience and
nanotechnology and the development of materials science, with regard to energy
technologies [15].
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In recent years, synthetic approaches have been developed for cobalt oxide-
based nanomaterials [16]. Cobalt oxides are synthesized by a mild hydrothermal
method using thioglycolic acid (TGA). Using hydrothermal method is provided
with control of kinetic and thermodynamic factors [17]. At present, thereisa
quest to find the most suitable passivating material that can efficiently improve the
performance of the cobalt oxide solar cell, and its success can be highly dependent
on the understanding of the structures and properties of the passivating layer/
cobalt oxide system. Further efforts should be made to clarify these mechanisms.
Due to high crystallinity, size, morphology, optics, and good dispersion with Co;04
particles, high solar cell yield was provided. The Co;04 nanoparticles are preferred
in low-temperature-fabricated solar cells for environmentally sensitive uses in the
development of low-cost antireflection in processes [18].

In addition to all these studies, it is possible to see cobalt thin and ultrathin film
structures in numerous new applications in industrial sectors. Cobalt has a wide
range of uses due to its physical, mechanical, and electrical properties. Metallic
cobalt films play an important role in the safety of integrated circuit devices. This
is because metallic cobalt films have both a low tendency to diffusion exposure and
have a higher resistance to electromigration.

The use of cobalt compounds in the biomedical field has recently been of inter-
est to researchers. The use of cobalt/silica carriers to repair the retina removed in
the relevant medical field is also under investigation [19].

In addition, one-dimensional layered NH,CoPO,.H,0 microrods, which have
high electrochemical activity, are low cost, and have natural richness, are obtained
using a hydrothermal method. Although it utmost progress, it needs to studies for
more stable and performance electrode materials for supercapacitors [20].

Then, microwave synthesis method was used to get bimetal phosphates,
NaNi;Co; yPO4.H,0; this method is favorable and timesaving in comparison with
conventional hydrothermal [21], solvothermal [22], and pyrolysis methods [23].
Also, it satisfies a need for inexpensive electrodes in practical applications. This has
proved that the combination of cobalt and nickel increases the specific capacity
of the material. Cobalt can promote charge transfer owing to can act as electronic
conductive species and can efficiently reduce the resistance and nickel can pres-
ent high theoretical capacitance [21, 24-29]. At the end of the studies, optimized
NaNig 33C00 67P04.H,O was obtained. The optimized NaNij 33C00 ¢;,P04.H,0 exhib-
ited a high electrochemical performance. The results show that it can be applied to
practical devices that open a wide development potential for future supercapacitors.

In addition to all the mentioned properties of cobalt, it is a highly active catalyst
for hydrogenation reactions. Supported in most cases, in low-temperature Fischer-
Tropsch process, Co/Al,O; or Co/SiO,-ZrO, catalysts were used; CoO/SiO; and
Co0/8i0,-Al,05 and CoO/ZrO,-kieselguhr catalysts were used in the hydrogenation
of oxoaldehydes, amination of alcohols, and amination of aldehydes and ketones for
the production of ethylamine and propyl amines [30, 31].

It was determined that cobalt metal catalysts had higher activity when Ni and Co
metal catalysts were compared. Cobalt-based catalysts exhibit high catalytic activity
because the tendency of cobalt to react is higher due to its electron configuration.
The results of the catalytic hydrolysis reaction of 2Co-1Ni-B/Magnesite catalyst and
NaBH, synthesized by the co-loading of cobalt and nickel metals to the magnesite
support material have increased the efficiency of the catalyst by adding Co [32].

Alloys are frequently used in the field of biomaterials of metal and metal alloys
such as stainless steels, gold, and cobalt. Metallic biomaterials are preferred in the
production of biomedical devices used for diagnostic and therapeutic purposes.
The metals used in the prosthesis are suitable for the living body if used in small
amounts [33]. Cobalt ferrite, barium, and strontium show promising magnetic
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behavior for medical applications [34]. Cobalt ferrite nanoparticles are more
preferred for medical purposes than the other two nanoparticles. This is due to less
toxic effects of cobalt ferrite. Cobalt ferrite has an application as a chip for diagnos-
tic and laboratory applications and magnetic hyperthermia as minimally invasive
tumor treatment [3, 35, 36].

Cobalt-chromium alloys are highly preferred materials in the biomedical field
due to their high wear and corrosion resistance together with their load-bearing
capabilities. Today, the surfaces of cobalt-chromium alloys are more biologically
compatible with the surrounding tissue. That is, many studies have been done to
make it bioactive. The surfaces of cobalt-chromium materials are tried to modify
by being coated with bioactive glasses or metals with superior properties in terms
of bioactivity. The cobalt-chromium alloy (ASTM F75) surfaces, which are used as
orthopedic implant materials, were coated with titanium matrix composite material
by cold dynamic gas spraying technique. Then, the thermal oxidation of the coat-
ings was carried out in an air oven at 600°C for 60 hours [37].

All the features and applications we have mentioned so far prove how impor-
tant cobalt is. The objective of this book is to serve as a one-stop comprehensive
information resource on new cobalt and nanostructured cobalt compounds, from
science to industry and health area.
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Chapter2

Cobalt Phosphates and
Applications

Riadh Mavzouki, Mahmoud A. Sayed, Mohsen Graia and
Mohamed Faouzi Zid

Abstract

Cobalt phosphates with open framework present various physical performances
in relation to their structures. In fact, the development of new materials that could
potentially be ionic conductors or ion exchangers led us to examine the Co-P-O
and A-Co-P-O crystallographic systems (A: monovalent cation) and their different
methods of synthesis. This work consists first of all in highlighting the crystalline
phases of cobalt phosphates. Indeed, many works related to the discovery of some
of these materials with interesting properties, in particular ionic conductivity,
motivated our research and encouraged us to collect several cobalt phosphates and
to correlate structure-physical properties in particular electrical properties.

Keywords: cobalt phosphate, structure, open framework,
physical property, battery

1. Introduction

The search for new inorganic materials with open frameworks formed by
tetrahedra and octahedra sharing corners or edges; delimiting cages (1D), interlayer
spaces (2D), or tunnels (3D); or communicating by the intermediate of windows
where cations are located is an interesting field with intense activity including
several disciplines: solid-state chemistry, physics, mechanics, etc. Synthesis and
physicochemical studies of metallophosphate compounds are the driving force
behind the recent technological development, and studies are progressing through
the exchange of points of view between specialists concerned.

Metallophosphates have a promising field for various applications: electrical,
electrochemical, magnetic, and catalytic processes [1-7]. Nevertheless, the introduc-
tion of monovalent ions into metallophosphates can lead to materials with interesting
properties. This orientation was initiated from the discovery of the ionic conduction
properties of NASICON Na;Zr,Si,POy; (6300°c = 0.2 S cm 'and Ea = 0.29 eV) in 1976
[5] followed by olivine series studies of general formula LIMPO, (M = Co**, Fe*,
Mn?*) usable in the manufacture of cathodes of rechargeable lithium-ion batteries
[7]. These materials have a remarkable structural richness: olivine structure [7],
zeolitic structure [8], alluaudite structure [9], melilite structure [10], etc. In relation
to their structures, these materials have many physicochemical properties: ionic con-
duction [10], ion exchange [6, 7], etc. In this context, several researcher groups have
tried to explore CoO-P,0s5 and A,0-CoO-P,0s systems (A: monovalent metals). This
chapter is dedicated to treated physicochemical and structural studies of monovalent
cation cobalt phosphates (Li, Na, K, and Ag).

1 IntechOpen
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2. Synthesis methods and experimental techniques

The most common synthesis method is the solid-state reaction method.
Nevertheless, to minimize the energy consumption and to improve quality of
the developed materials (particle size, purity, homogeneity, etc.), other tech-
niques such as hydrothermal method are adopted. In this method, the crystalline
products are synthesized at low temperature, generally 150-250°C, and under
high pressure.

2.1 Solid-state reaction method

Solid-state reaction route is the most adopted method to prepare single crystals
or polycrystalline materials. The essential steps are:

* Mixing and grinding solid reagents and placing the mixture in a container
(usually porcelain, alumina, or platinum crucibles).

 Calcination: a first heat treatment at 573-673 K for a few hours to remove the
volatile compounds (NH;, H,O, CO,, etc.).

* Grinding another time the remaining mixture to homogenize and reduce the
size of the particles which will increase the contact area between the grains.

* Second heat treatment by gradually increasing the temperature to a so-called
“pasty” state of the mixture (partially melted mixture). Maintain this tem-
perature for a few days, and then slowly lower it to room temperature.

2.2 Hydrothermal route

The hydrothermal or solvothermal method consists of preparing an aqueous
solution containing the reagents dissolved totally or partially. The aqueous solution
is transferred either into a Teflon autoclave, both enclosed in metal autoclave.

The preparation in the autoclave is brought to a temperature between 373 and
573 K maintained for a few days in order to obtain single crystals. The maximum
temperature is imposed by the resistance of the material constituting the Teflon.

Note: In this chapter, structures have been determined using X-ray diffraction
(on single crystal or on powder). Electrical measurements are carried out using
often complex impedance spectroscopy.

2.3 Experimental techniques

In this chapter, the structural studies of the studied materials were carried out
by X-ray diffraction on single crystals or in some cases X-ray powder diffraction.

Electrical measurements are often performed using the complex impedance
spectroscopy technique.

3. Cobalt phosphate

In the literature, there are more than 80 allotropic forms of cobalt phosphates in
which cobalt takes different oxidation degrees, sometimes in the same compound.
Some cobalt phosphates have distinguishable physical properties in relation to their
structures. In this chapter, cobalt monophosphate CoPO, will be reported.
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(a) (b)

Figure 1.
Projection of CoPO, structure along the (a) ¢ axis and (b) b axis.

CoPOy [1] material, like FePO, structure, is usable in the manufacture of Li-ion
batteries. In fact, the lithium extraction from LiCoPO, material leads to CoPO,
compound. The delithiated sample was prepared by electrochemical Li extraction
in galvanostatic mode at a C/5-rate from LiCoPO,. The latter shows considerable
stability during several cycles of charge-discharge of the battery. In fact, CoPO,
crystallized in the orthorhombic with Pnma space group. The structure is formed
by (CoOg), chains connected with PO, tetrahedra to form layers in the ab plane.
The connection between layers formed a 3D framework showing several types of
tunnels according to [001] and [010] directions (Figure1). In this structure type,
the cobalt ion has an oxidation degree of +III.

4. Monovalent metal cobalt phosphate

There are more than 40 monovalent cation cobalt phosphates. The monovalent
metal cobalt phosphates will be classified according to the oxygen/phosphor
molar ratio.

4.1 Monophosphates

This family is known as orthophosphate or also monophosphate; it is character-
ized by its high stability compared to other phosphates. In the structure, (PO,)*"
tetrahedra are isolated from each other.

The most famous material is lithium cobalt monophosphate LiCoPO, (Figure 2)
[1]. It crystallizes in the orthorhombic system, Pnma space group. It belongs to the
olivine family of general formula LiIMPO, (M = Fe, Ni, Co, and Mn). Xiang Huang
et al. [11] have proposed hydrothermal synthesis method of this monophosphate
which shows performance in terms of reaction yield and product homogeneity
versus dry route. The phospho-olivine series is used in the manufacture of cathodes
in Li-ion batteries [12]. LiCoPO,-CoPO, system shows high stability during several
charge-discharge cycles of the battery at room temperature (Figure 3). The olivine
structure can be described as a compact hexagonal stack of A-B-A-B-A-type oxygen
layers. The A = Na or Co cations occupy half of the octahedral sites AOg and the
B = P cations 1/8 of the available tetrahedral P sites of PO, tetrahedra.

On the other hand, when lithium is substituted by sodium in different synthesis
conditions, the monophosphate NaCoPO, may present in four allotropic forms
[13, 14]. Figure 4 groups the polymorphisms in sodium cobalt monophosphate.
All sodium materials show open anionic frameworks containing tunnels which
contain sodium cations. On the other hand, the structure of the P2;/n form where
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Figure 2.
Projection of LiCoPO., structure along [010] direction.
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Figure 3.
Lithium insertion/extraction in the olivine structure CoPO,/LiCoPO,.

cobalt is only tetracoordinated is related to zeolite ABW (LiAlSiO,.H,0) [14]. In
NaCoPOy, (P2;/c space group subgroup of Pnma), Stucky et al. [13] report that the
structure is also a distortion of the ABW zeolite structure but that it is a little more
complex since the cobalt environment is trigonal bipyramidal. Indeed, the main
characteristic of ABW zeolites is their spatial structures which contain pores and
channels that can absorb or reject various solids, liquids, or gases. The applications
of zeolites are numerous: food supplement for animals, additives for detergents,
molecular filters, water treatment, catalysis, etc.

The a-NaCoPO, (P2;/n space group) with maricite type is formed by octahedral
chains CoOg sharing edge and parallel to the 4 axis. They are interconnected via the
PO, tetrahedra, which creates large cavities where Na* cations are located [13].

While the phase of the hexagonal system 3-NaCoPOy is stuffed tridymite type
which is a high temperature variety of quartz SiO,. These compounds have a lower
symmetry than tridymite due to the order of cations within the channels.

The silver cobalt monophosphate AgCoPO, [15] has another structure type
with a twofold oxygen coordination for silver atoms and a fivefold coordination for
cobalt atoms. Indeed, the silver compound crystallizes in the triclinic system, space
group P-1. A projection of the structure of this phase is shown in Figure 5.

Another monophosphate is classified as Na-ionic conductor: NaCo4(PO,); [16]
with activation energy Ea = 0.89 eVand o = 107% S cm ™. Indeed, cationic sites,
located in wide-sectioned channels (Figure 7a), are partially occupied by Na* ions
and relatively agitated which may explain the sodium mobility in the anionic frame-
work. This compound crystallizes in the monoclinic system, space group P2;/n. The
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-

(a) Orthorhombic: Pnma

b
1
-

(c) Hexagonal; P6s {d) Monoclinic; P2:/n

Figure 4.
Allotropic forms of NaCoPO,: (a) Pnma, (b) P2,/c, (c) P6;, and (d) P2,/n space groups.

Figures.
Projection of AgCoPO, structure along [010] direction.

isoformula potassium material KCo4(PO,); [17] crystallizes, in a different structure,
the orthorhombic system, space group Pnnm. The structure projection along the
[001] direction is shown in Figure 6(b).

The sodium cobalt monophosphate NayCo;(PO4) [18] is synthesized by the dry
route. This compound is a member of a family of phases including Nay;Ni;(PO,)
[19] and K4Ni;(PO,)¢ [20]. Previous studies have shown that the material
NayNi;(POy)s is classified as fast ionic conductor. Several studies relating to the
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Figure 6.
Projections of (a) NaCo,(PO,);and (b) KCo,(PO,); structures.

substitution of phosphate by arsenate have led to NaysCo;(AsOy4)¢ (Ea = 1.00 eV)
[21], Na4Cos63Al0.96(AsO4)6 (Ea = 0.53 eV) [22-24], NayLig 6,Cos67Alp 71 (AsO4)6 [25],
and Ag,Co;(AsO4)¢ (Ea =0.61eV) [26].

A projection of the structure of NayCo,;(PO,)¢ according to [100] is given in
Figure 7. The anionic framework has both a tetrahedral (CoO,4 and PO,) and octahe-
dral (CoOg) environment as well as hexagonal tunnels where the sodium ions lodge.

4.2 Polyphosphates

Short-chain polyphosphates also named n-polyphosphates are characterized
by short chains of PO, tetrahedra sharing corners. The general formulas of the
phosphate anion are given by [P,03,,1] 2= withn > 1. Oligophosphates for which
n =2, 3, 4, and 5 are known until now. These compounds are infrequent for n > 4.

Figure 7.
Projection of Na,Co,(PO,)¢ structure along the a axis.
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The other type corresponds to polyphosphates with long chains. When n tends
to infinity, their phosphate anions take the formula [PO;],"", thus forming infinite
chains of PO, tetrahedra. If the tetrahedron chain closes on itself to form rings, the
corresponding phosphates are called cyclophosphates. The general formula of the
cyclic anion is [P,03,]"” withn = 3, 4, 5, 6, 8, 10, and 12.

In this part, a variety of monovalent ion cobalt polyphosphates found in the
literature will be mentioned.

4.2.1 Short-chain polyphosphates [P, O3,.,] ™~ with n > 1
4.2.1.1 Diphosphates (n = 2)

The formula of the phosphate anion is P,0;*", known as diphosphate (or pyro-
phosphate). The group P,0; consists of two PO, tetrahedra sharing a single corner.

Concerning diphosphates of formulation A,CoP,0; (A: Na or K), the sodium
compound is presented in three allotropic forms: triclinic (Figure 8a), monoclinic
(Figure 8b), and quadratic (Figure 8c) [8, 10].

In the last form, cobalt atoms have purely tetrahedral environment, and the
anionic framework is formed by layers formed by [CoP,0,]*~ groups. The Na*
and/or K* cations are located in the interlayer space. Sanz et al. [10] postponed
the study of the ionic conductivity of the quadratic form to sodium; their study
reveals that it is a fast ionic conductor. Marzouki et al. [27] proposed a modeling of

Figure 8.
Projections of polymorphs of Na,CoP,0;: (a) triclinic, (b) monoclinic, and (c) tetragonal.
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alkaline cation conduction paths in these structures (Figure 9). The conductivity
in this type of material is bi-dimensional.

The silver cobalt diphosphates include Ags 65C0,(P,05), [28] and (Agp ssNaj 42),C
0,(P,05); [29]. They crystallize in the triclinic system, space group P-1. Projection of
the mixed Na/Ag metals is presented in Figure 10. The cobalt, in this case, is purely
octahedral. In the anionic framework, the cohesion between two symmetrical units
Co(2)P,0y; is provided by Co(1) O octahedra to form the Co4P4O,5 unit. According
to the three spatial directions, the junction between two Co4P4O,3 units is provided
by two P,0; diphosphates forming 3D anionic framework.

Figure 9.
Bond valence site energy-simulated pathways of Na* ions within the K, gsNa, ,,CoP,0, structure (Na brown
and K gray and the layer at z = o).

Figure 10.
Projection of (AgossNa, 4.),Co, (P,0,), structure along the a axis.

18



Cobalt Phosphates and Applications
DOI: http://dx.doi.org/10.5772/intechopen.86215

Silver transport pathways in Ag; 6sCo,(P,05), are simulated using BVSE calcula-
tions. The BVSE simulation shows that the material should be moderate 3D ionic
conductor with activation energy value of 1.7 eV. The result is described in Figure 11.

The particularity of lithium cobalt diphosphates is the non-stoichiometry
in composition. The formulas found in the bibliography are Lis gsCos.06(P207) 4
[30] where cobalt and lithium share the same crystallographic sites and
Lis 03Co01.97(P205), [31] where a fraction of cobalt oxidation degree is +III. The
projections of their structures are shown in Figures 12 and 13.

4.2.1.2 Triphosphates (n = 3)

Single monovalent cation cobalt triphosphate is found in the literature. Its
formula is LiCo,P30;¢ [32]. This material crystallizes in the monoclinic system,
space group P2;/m. In the anionic framework, the P30, groups ensure cohe-
sion between the infinite chains formed by Co,0;¢ dimers which are linked

Figure 11.
3D silver transport pathways in Ag; 6Co,(P,0,), with bond valence mismatch of [AV(Ag)| = 1.3 u.v
(i.e., ~1.7€V).

Figure 12.
Projection of Li; gsCos o6(P,0,) , structure along b direction.
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Figure 13.
Projection of Li, ;Co,,,(P,0,), structure along a direction.

together by edge sharing. Figure 14 shows a projection of the structure in

the direction [100]. The NaCo,As;0( triarsenate [33], isostructural with
LiCo,P;049 triphosphate, shows interesting electrical properties (Ea = 0.48 eV
G300°C = 1.2 x 10_5 S cm_l).

4.2.1.3 Polyphosphates with long chains [PO5],"~

The first phase seen in the bibliography is tetraphosphate K;Co(POs) 4 [34]. This
material is synthesized by the dry route; it crystallizes in the monoclinic system,
with non-centrosymmetric space group “Cc.” Cobalt has the oxidation state (+II)
and is octacoordinated. Phosphate anions of formulation [PO;],"” (n tends to

Figure 14.
Projection of LiCo,P;0,, structure along a direction.
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infinity) thus develop into long chains of PO, tetrahedra linked together by CoO¢
octahedra to form a 3D framework (Figure 15).

As for the lithium compound [35] with LiCo,P;0, formula (Figure 16), this
material is at a higher symmetry: orthorhombic system, space group P212121. The
C0,0y; dimers, in this case, are formed by two vertex-linked CoOg octahedra. They
ensure the cohesion between the nn-infinite tetrahedral (PO;) chains to lead to a
three-dimensional framework.

4.2.1.4 Mixed mono-diphosphate Na,Cos(PO.,),P,0;
Some materials may have more than one type of phosphate group. The mate-

rial NayCo3(PO,4),P,0; [36] has both PO, isolated tetrahedra and P,O, diphosphate
groups. This mono-diphosphate crystallizes in the orthorhombic system, space

Figure 15.
Projection of K,Co(PO;), structure along the c axis.

Figure 16.
Projection of LiCo,P;0, structure along the a axis.
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Figure 17.
Projections of Na,Coy(PO,),P,0, structure in (a) a, (b) b, and (c) c directions.

group Pn2;a. Projections of the three-dimensional framework of this material
(Figure 17) show that PO, monophosphates are bound to CoOg octahedra, on the
one hand by edge sharing and on the other hand by sharing vertices, while diphos-
phates join four CoOy units by pooling vertices.

5. Structural factors involved in ionic conductivity: Correlation of
structure-electrical properties

Ionic conductors have been intensively researched since the discovery of
properties of ionic superconductors [37] whose conductivity is sufficiently high to
consider applications as solid electrolytes in batteries [38, 39] in storage devices of
energy and sensors [40]. On the other hand, materials with low ionic conductivity
remain interesting to elucidate certain mechanisms of cation transport. In these
materials, the charge carriers are cations.

The open framework is an essential factor that governs the mobility of cations
within a crystal lattice [6, 41, 42]. Among these structures, there are:

* Three-dimensional frameworks with windows or channels: this type of mate-
rial has an ionic conduction influenced by the size of the bottlenecks separating
two adjacent available sites. The existence of wide-sectioned channels between
the cationic sites promotes the passage of cations. According to Hong, for fast
ionic conduction, the minimum sections of the windows must be greater than
or equal to twice the sum of the radii of the cation and the nearest anion [40].

* Layered structures: in this case, mobile ions move in parallel planes, located in the
interlayer space. The conduction in this case is probably two-dimensional [27].
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* Structures with isolated tetrahedral groups: these structures consist of tetra-
hedral groups (Si0~, PO, etc.) connected to each other solely by alkaline
ions. These independent tetrahedra facilitate the movement of cations [43-45].

Other factors than the open framework can also promote ionic mobility [40]:

* Site occupation: the partial occupations of the ionic sites (occupancy rate
lower than 1) favor the displacement of the mobile ion from one site to another
energetically equivalent.

* Coordination polyhedra: the cation environment can play an important role in
its mobility. Indeed, mobile ions can cross rectangular faces more easily than
triangular faces.

* Jon size: to promote conduction, congestion must be minimized, so the use of
small cations is recommended, to facilitate their movement.

* Structural defects: substitution or doping of one or more elements with
other(s) having different degrees of oxidation is responsible for the cre-
ation of cationic vacancies at the origin of conduction properties in certain
materials.

Taking into account the structural factors influencing the conductivity
mentioned above, several studies have been devoted to improving the electri-
cal properties of such materials by acting on other factors. This is the case of the
total or partial substitution of the mobile species such as in NASICON Nay,,Zr,_
«Mgy2(POy4)3 (0 < x <2) [46] and in SKELETON phosphates (3D) A;M,(POy)3:
A =Li, Na, Ag, K, and M = Cr, Fe [47]. The doping of materials by one or more
chemical elements can also promote the mobility of cations like the oxides
Lay ,Sry gMn,_,T4O; with T = Fe, Co, Cr [48].

On the other hand, work on a series of materials is being processed in order
to show the effect of microstructure optimization (grain size) on conductivity
[49]. Moreover, it has been demonstrated in previous studies, such as for LAMOX
ceramics (La;_ RMo,_ W,0y with R = Nd, Gd, Y) [50, 51] and for p-Xenophyllite-
type NasCo;(AsO,)6 [21] and Ag,Co;(AsO,)e [26], that the electrical properties are
related to the relative density of sample (100 porosity), which requires a rigorous
control of the microstructure.

6. Conclusion

In this chapter, synthesis methods of cobalt phosphates and metallo-cobalt
phosphates in the crystalline form have been described: single crystals and/or poly-
crystalline powders. The structural studies of the studied compounds show struc-
tural diversity with open anionic frameworks showing tunnels (3D) and inter-sheet
space (2D). However, it shows that the electrical property is related to the structural
characteristics of the material. In order to correlate structure and physical proper-
ties especially electrical properties of metallo-cobalt phosphates, structural fac-
tors influencing the ionic conductivity have been treated. Based on the structural
characteristics, the electrical properties of the crystalline materials can be modeled
theoretically, especially in the case of purely ionic conductors. In fact, it is possible
to determine the value of the activation energy which corresponds to the minimum
energy that must be supplied to an ion to move from one site to another site in the
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crystal lattice. In addition, these modelizations are based on the structural data

of the crystal. Since the measurements are often performed on ceramics, it is also
necessary to take into account the effect of the relative density of the ceramic: effect
of the microstructure.
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Abstract

The magnetic nanoparticles (NPs) are offering a wide range of applications in
medical and engineering fields. Among all the magnetic nanoparticles, cobalt oxide
(Co304) nanoparticles and its composite-based nanoparticles are attracting more
interest from researchers because of its unique mechanical, thermal, and magnetic
properties. The aim of this book is to bring together a number of recent contribu-
tions regarding the cobalt oxide-based composite nanoparticles from several
researchers all over the world. The latest research results, innovations, and meth-
odologies are reported in the book in order to support the discussion and to circulate
ideas and knowledge about the applications of these materials in medical and
engineering applications. This chapter presents the methodology for the synthesis
and characterization and applications of cobalt oxide-based composite
nanoparticles. The detailed analysis related to toxicity of these nanocomposite
materials is also included in this book chapter.

Keywords: cobalt oxide, nanocomposite, thermal properties,
electrical properties and toxicity

1. Introduction

Magnetic nanoparticles (NPs) are attracting increased researchers’ interest due
to their potential wide use in many engineering and medical applications. The most
commonly used magnetic materials are Fe;O3, Fe;04, Ni, Co, CoO, and Co30,.
However, among all these magnetic materials, cobalt oxide (Co30,) nanoparticles
are being preferred due to their good magnetic properties. Pure cobalt is not stable
at room temperature as it can be converted to oxides like CoO, C0,03, and Co304;
Co30, is the most stable phase. It is a P-type semiconductor, and it has high Young’s
modulus, which varies between 116 and 160 GPa. Co3;0,4 exhibits a normal spinel
crystal structure with occupation of tetrahedral sites by Co”* and octahedral sites by
Co®*. Its magnetic moment arises due to Co”* ions largely because of spins, with a
small contribution from spin-orbit coupling. Co304 has excellent properties such as
gas-sensing, catalytic, and electrochemical properties, and it has been studied
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widely for applications in solid-state sensors, electrochromic devices, and hetero-
geneous catalysts as well as lithium batteries and also medical applications [1-5].
There are several methods to synthesize the Co;0, nanoparticles, which include the
Co30,4 nanowires [6], the surfactant-templated approach for fabricating Co30,
nanoboxes [7], the mechanochemical reaction method for the synthesis of Co304
nanoparticles [8], the thermal decomposition and oxidation route for the growth of
Co304 nanorods [9], and the Co3;0,4 nanowalls [10].

Some of the reports dealing with the synthesis of Co304 nanoparticles and their
potential use are succinctly reviewed below. Manigandan et al. [11] used the ther-
mal decomposition method. Mariano et al. [12] synthesized Co304 nanoparticles
and prepared ethylene glycol-based nanofluids. Salavati-Niasari et al. [13] prepared
Co30, nanoparticles from solid organometallic molecular precursors. Salavati-
Niasari et al. [14] used another method by considering benzene dicarboxylate
complexes, in particular phthalate ones, as precursors. Alrehaily et al. [15] synthe-
sized Co30,4 nanoparticles by gamma irradiation. All the above researchers synthe-
sized the Co304 nanoparticles for engineering applications. Cavallo et al. [16]
studied the cytotoxicity of Co304 nanoparticles in human alveolar (A549) and
bronchial (BEAS-2B) cells. Alarifi et al. [17] investigated the toxicity of Co304
nanoparticles in HepG2 cells. Based on these studies, pure Co;04 nanoparticles
are toxic.

Cobalt-based compounds also offer interesting advantages in various
applications; typical cobalt-based compounds are grapheme oxide/cobalt oxide,
nanodiamond-cobalt oxide, zeolite Y/cobalt oxide, and carbon nanotubes/cobalt
oxide. Syam Sundar et al. [18] synthesized GO/Co0304 hybrid nanoparticles and
studied their thermal properties. Syam Sundar et al. [19] also synthesized
ND-Co30,4 nanoparticles and investigated their thermal properties and toxicity.

Shi et al. [20] prepared different concentrations of Co304/GO, studied their catalyst
activity, and observed the highest catalytic activity when the Co304 mass loading

was about 50% in the catalyst. Xiang et al. [21] synthesized rGO/Co30., which was
used as the pseudocapacitor electrode in the 2 M KOH aqueous electrolyte solution.

This book chapter emphasizes on the various synthesis methods for cobalt oxide
and engineering and medical applications of this material. In addition, synthesis,
characterization, and engineering and medical applications of cobalt oxide-based
composite materials are also reviewed.

2. Cobalt oxide (Co304) nanoparticles
2.1 Synthesis procedure

There are different methods to synthesize Co304 nanoparticles, which, among
others, are chemical coprecipitation, mechanochemical reaction, thermal decompo-
sition and oxidation route, and long-time calcining method. Manigandan et al. [11]
used thermal decomposition method for the synthesis of Co;04 nanoparticles by
dispersing 0.01 M cobalt chloride in 500 mL distilled water and 10% of glycerol. The
suspension was stirred for 20 min by a magnetic stirrer at a temperature of 50°C;
after that the dissolved ammonium hydroxide solution (50 mL) was added slowly to
control the agglomeration. The obtained cobalt hydroxide is calcined in air for 3 h at
a temperature of 450°C yielding the Co30,4 nanoparticles. The TEM image of the
synthesized Co304 nanoparticles is shown in Figure 1. Salavati-Niasari et al. [13]
prepared Co30,4 nanoparticles from a solid organometallic molecular precursor of
N,N’-bis(salicylaldehyde)-1,2-phenylenediamino cobalt(II); Co(salophen)
estimated the magnetic behavior of the Co;0,4 nanoparticles. In another study,
Salavati-Niasari et al. [14] used thermal deposition method for the preparation of
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Co30,4 nanoparticles by using benzene dicarboxylate complexes, especially phthal-
ate ones, as precursors and characterized using Fourier transform infrared and
X-ray photoelectron spectroscopy and observed temperature-dependent

Figure 1.
TEM image of synthesized Co;0, nanoparticles [12].
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Figure 2.
Co;0,, nanofluids: (a) thermal conductivity and (b) viscosity [12].
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magnetization curve in zero-field-cooled, where Co304 nanoparticles exhibit weak
ferromagnetism. Alrehaily et al. [15] synthesized Co304 nanoparticles by gamma
irradiation of 0.2-0.3 mM of CoSO, solutions. Syam Sundar et al. [18] used chemical
coprecipitation method for the synthesis of Co;04 nanoparticles, and they estimated
their thermal properties at different particle volume concentrations and temperatures.

RPAA| without cells

Figure 3.

Co;0,, nanoparticle toxicity in As549 cells: hydrodynamic size distributions of Co;0,, nanoparticles in RPMI
1640 medium with 10% fetal bovine serum (FBS) att = 0 and after a 24-h exposure without and with A549
cells. In the right panels, the relative Co;0,, NP suspensions used for DLS measurements, showing NP
sedimentation after a 24-h exposure in the medium without cells [16].
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Figure 4.
Co;0, nanoparticle toxicity in BEAS-2B cells: hydrodynamic size distribution of Co;0, nanoparticles in
BEGM medium at t = 0 and after a 24-h exposure without and with BEAS-2B cells [16].
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2.2 Thermal properties

Co30,4 nanofluids have a potential use in several mechanical engineering
applications; in particular, as replacement of low thermal conductivity fluids such
as water and ethylene glycol, as a consequence, the thermal properties of nanofluids
are of great interest. Mariano et al. [12] prepared Co304 nanofluids by dispersing
cobalt(II, III) oxide nanopowder in ethylene glycol and determined experimentally
their thermal conductivity and viscosity. The thermal conductivity and viscosity of
Co304/EG nanofluids are shown in Figure 2a and b; it is noticed that the increase
of particle volume concentration (¢) yields increased values of thermal conductivity
and viscosity. They observed thermal conductivity enhancement for 5.7% volume
concentration of Co;04/EG nanofluids is 27% at temperature of 323.15 K
(Figure 2a); similarly, the viscosity enhancement for 5.7% volume concentration
of Co304/EG nanofluids is 40% at a temperature of 303.15 K (Figure 2b).

2.3 Toxicity
Knowledge about the toxicity of Co;0, nanoparticles is very important consid-

ering their eventual use in medical applications. Cavallo et al. [16] studied the
cytotoxicity of Co;04 nanoparticles in human alveolar (A549) and bronchial
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Figure 5.

Co;0, nanoparticle toxicity in HepGz2 cells: representative microphotographs showing Co;0, NP- and
Co**-induced ROS generation in HepGz2 cells. Images were snapped with Nikon phase contrast with a
Sfluorescence microscope. (A) Control, (B) 15 ug/mL of Co®*, (C) 15 ug/mL of Co;0,NPs, and (D) percentage
change in ROS generation after 24 and 48 h of exposure to various concentrations of Co;0,NPs and Co** in
HepG2 cells [17].
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(BEAS-2B) cells exposed to 1 — 40 pg/mL. In A549 cells, they found no cytotoxic-
ity; however, BEAS-2B cells presented viability reduction at 40 yg/mL and early
membrane damage at 1, 5, and 40 ug/mL. The results related to toxicity study are
presented in Figures 3 and 4. Alarifi et al. [17] investigated the toxicity of Co304
nanoparticles in HepG2 cells and observed cytotoxicity and genotoxicity in HepG2
cells through ROS and oxidative stress, and their results are presented in Figure 5.

3. Graphene oxide (GO)/cobalt oxide (Co30,4) nanoparticles
3.1 Synthesis procedure

The GO/Co30, composite nanoparticles were synthesized and used for various
applications. Liang et al. [22] synthesized Co;04/N-doped graphene hybrid
nanoparticles as catalyst for oxygen reduction. They prepared GO sheet using the
modified Hummers method; after the Co304/rmGO hybrid was synthesized using a
Co(OACc); aqueous solution dispersed in GO/ethanol at room temperature and
stirred for 10 h at a temperature of 80°C, then NH,OH was added to the solution.
They used the GO/Co30,4 composite nanoparticles for catalytic activity. Syam
Sundar et al. [18] synthesized the GO/Co30,4 hybrid nanoparticles using the chem-
ical coprecipitation method. Their procedure involved first the preparation of GO
sheets using modified Hummers method, after that, 0.2 g of GO-COOH nanosheet
dispersed in 100 mL of distilled water and added the solution to 0.4 g of
CoCl,-6H,0 dispersed in 20 mL of distilled water and added 0.2932 g of NaBH.,,
which was accompanied by the formation of a black precipitate. They prepared
GO/Co304 hybrid nanofluids and observed higher values of thermal conductivity
and viscosity when particle concentration and temperature increase. The synthesis
method and TEM results are shown in Figure 6. The XRD, FTIR, and VSM results
are presented in Figure 7a—c. The XRD patterns of GO/Co304 nanoparticles contain

.--’ Co,0, nanoparticles

Synthesis procedure of GO/Co,0, TEM image of GO/Co,0,

Figure 6.
GO/Co;0,, nanoparticles: (a) synthesis method and (b) TEM image [18].
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GO/Co;0,, nanoparticles: (a) XRD patterns, (b) FTIR spectra, and (c) M-H curves [18].

both the peaks of Co304 and GO. The 26 position of GO/Co0304 nanoparticles is
11.68, 19.2, 31.2, 36.9, 44.8, 55.43, 59.4, and 65.2° which can be indexed as (002)
plane for GO and (111), (220), (311), (400), (511), and (440) planes for Co304
nanoparticles (Figure 7a). The IR spectra of GO nanoparticle (Figure 7c) show the
GO peak at 1622 cm ™' is the aromatic C=C group, the peak at 1727 cm ' is the C=0
vibration of carboxylic group, and the peaks at 1045 cm 1, 1220 cm ™%, and

1410 cm ™! are contributed to C==O==C vibration of epoxy or alkoxy group. The IR
spectra of Co30,4 nanoparticle show the strong band peak at 584 cm ™' and 671 cm™*
is due to the Co==O vibration of Co30, nanoparticles, which shows that Co®* has
been oxidized into Cos0, nanoparticles. The IR spectra of GO/Co30, nanoparticles
show the peaks at 1622, 1727, 1045, 1220, and 1410 cm ! reflect C=C, C=0, and
C=—=0=—C groups related to GO and the peaks at 584 and 671 cm ™ reflect the Com==O
groups related to Co;0, nanoparticles. The total saturation magnetization of GO/
Co50, (Figure 7c) is 4.67 emu/g and pure Co3;0,4 nanoparticles is 14.23 emu/g. The
weight percentages of GO and Co30,4 nanoparticles present in the GO/Co304
nanocomposite particles were 67 and 33%, respectively. Shi et al. [20] prepared
different concentrations of Co304/GO such as 20% Co030,/GO, 30% Co030,4/GO,
50% C0304/GO, 70% C0304/GO, 90% Co304/GO, 95% Co0304/GO, and pure Co304,
and they studied their catalyst activity; the highest catalytic activity was observed
when the Co30, loading was about 50% in the catalyst. Xiang et al. [21] synthesized
20-nm-sized Co304 nanoparticles, which were in situ grown on the chemically
reduced graphene oxide (rGO) sheets to form an rGO/Co30, composite during
hydrothermal processing; they were used as the pseudocapacitor electrode in the
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2 M KOH aqueous electrolyte solution, and the measured specific capacitance was
472 F/g at a scan rate of 2 mV/s.

3.2 Thermal properties

The water- and ethylene glycol-based GO/Co30,4 nanocomposite nanofluid’s
thermal properties were measured by Syam Sundar et al. [18], and the results are
shown in Figures 8 and 9 at different volume concentrations and temperatures. It
is noticed that the thermal conductivity of nanofluids increases linearly with the
increase of particle volume concentrations and temperatures. Similarly, the
viscosity of nanofluids increases with an increase of particle volume
concentrations and decreases with an increase of temperature. The thermal con-
ductivity of 0.05% nanofluid is enhanced by 2.82% and 8.58% at temperatures of
20 and 60°C, respectively, as compared to water. The thermal conductivity of
0.2% nanofluid is enhanced by 7.64 and 19.14% at temperatures of 20 and 60°C,
respectively, as compared to water (Figure 8, left side). The viscosity of 0.05%
volume concentration of nanofluid is enhanced by 1.075 times and 1.166 times;
the viscosity of 0.2% volume concentration of nanofluid is enhanced by 1.49
times and 1.70 times at temperatures of 20 and 60°C compared to water
(Figure 8, right side).

The thermal conductivity of 0.05% nanofluid is enhanced by 2.71 and 4.44% at
temperatures of 20 and 60°C, respectively, as compared to EG. The thermal con-
ductivity of 0.2% nanofluid is enhanced by 5.81 and 11.85% at temperatures of 20
and 60°C, respectively, as compared to EG (Figure 9, left side). The viscosity
enhancement of 0.05% volume concentration of nanofluid is 1.028 times and 1.096
times; the viscosity enhancement of 0.2% volume concentration of nanofluid is 1.22
times and 1.42 times at temperatures of 20 and 60°C compared to EG (Figure 9,
right side).
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Water-based GO/Co ;0 , nanofluids: thermal conductivity (left side) and viscosity (vight side) [18].
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Ethylene glycol-based GO/Co;0,, nanofluids: thermal conductivity (left side) and viscosity (vight side) [18].

3.3 Electrical properties

Xiang et al. [21] measured the electrical properties of GO/Co30, using
pseudocapacitor electrode in 2 M of KOH aqueous electrolyte solution. Figure 10
depicts the galvanostatic charge discharge curve of rGO and the rGO/Cos0,4
composite electrodes between 0 and 0.85 V at different current densities. Both the
samples of rGO and rGO/Co30, electrodes exhibited good symmetric shape with
the coulomb efficiency close to 1. The rGO/Co350, composite electrode presented
longer charge discharge time than the rGO electrode, indicating larger specific
capacitance (Figure 10a and b). The specific capacitance of the rGO/Co304
electrode was investigated with a progressively increasing current density
(Figure 10c). The specific capacitance decreases from 458 to 416 F/g with an
increase in the current density from 0.5 to 2.0 A/g, respectively. The long-term
stability of the rGO/Co30, electrode was observed at the current density of 2.0 A/g.
The specific capacitance of the rGO/Co30, electrode increased during the first
100 cycles, which was due to an activation process in the super capacitor electrode.
About 95.6% of the specific capacitance of rGO/Co30, electrode was retained at the
current density of 2.0 A/g after 1000 cycles (Figure 10d), which demonstrated its
high cycling stability. Lai et al. [23] synthesized Co;04 nanoparticles grown on
nitrogen-modified microwave-exfoliated graphite oxide (NMEG) with weight ratio
controlled from 10 to 70%; due to their electrochemical performance, they are used
as Li-ion battery anode, and they exhibit improved cycle stability. Seventy percent
of the Co304/NMEG composite has an initial irreversible capacity of 230 mAh/g
(first cycle efficiency of 77%), and 910 mAh/g of capacity is retained after
100 cycles. Seventy percent of Co304/tRG-O delivers a reversible capacity of
750 mAh/g, and the irreversible capacity loss during the first cycle is 700 mAh/g. It
is noted that the composite material synthesized with Co30, exhibits larger specific
capacitance than rGO material when they are used as electrode. The Co;04/NMEG
composite material shows higher capacitance when they are used as Li-ion battery
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GO/Co;0, nanomaterial: (a) charge-discharge curves at the current density of 0.5 A/g, (b) charge-discharge
curves at differvent current densities (0.5, 1.0, and 2.0 A/g), (c) cycling stability at varying the current density,
and (d) long-term stability at a current density of 2.0 A/g [21].

anode. So, it is understood that the composite material exhibits synergistic (superior
electrical) properties compared to the single-phase nanoparticles.

4. Nanodiamond (ND)-cobalt oxide (Co30,) nanoparticles
4.1 Synthesis procedure

The ND-Co304 nanoparticles were synthesized by Syam Sundar et al. [19] using
in situ and the chemical coprecipitation method. The synthesis route and TEM
results are shown in Figure 11. The synthesis route contains dispersion of 0.5 g of
ND particles and 0.5 g (0.003 M) of CoCl,-6H,0 in 100 mL, adds 0.379 (0.01 M) g
of NaBH, gradually, and observes the formation of light black color precipitate.
The XRD, VSM, and XPS results of ND-Co3;0,4 nanocomposite are reported in
Figure 10.

The XRD, VSM, and prepared nanofluids are shown in Figure 12a-d. From the
XRD patterns (Figure 12a), the 26 position for the ND nanoparticles for the
plane (111) is 43.73"; similarly, the 20 position for the Co30, nanoparticles for the
plane (311) is 36.81°, and the ND-Co30,4 nanocomposite nanoparticles contains both
the ND and Co30,4 nanoparticles planes. The weight percentage of ND and Co304
present in the ND-Co30,4 nanocomposite was measured from vibrating
sample magnetometer (Cryogenic, UK) instrument (Figure 12b). The total satura-
tion magnetization of Co3;04 nanoparticles is 14.3 emu/g, whereas the total
saturation magnetization of ND-Co304 nanocomposite is 4.7 emu/g. It is decreased
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Figure 12.
ND-Co;0, nanoparticles: (a) XRD patterns, (b) M-H curve, (c) coercivity, and (d) the ND-Co;0,
nanofluids [19].

because of the presence of nonmagnetic material of ND. The coercivity results of
ND-Co304 and of pure Co;0, nanoparticles are 334 and 490 Oe, respectively
(Figure 12c). Based on the total sum rule, it is observed that there is 67% of ND and
33% of Co30, present in the ND-Co30,4 nanocomposite nanoparticles. The prepared
ND-Co30,4 nanofluid’s samples are shown in Figure 12d, and the final ND-Co30,
nanocomposite particles showing magnetic behavior are observed.

The surface composition of ND-Co30, nanocomposite particles was measured
using X-ray photoelectron spectroscopy (XPS), and the results are shown in
Figure 13a—c. The Co 2p spectra has two main peaks at binding energies (BEs) of
780.7 and 796.3 eV, which can be related to Co 2p3/, and Co 2p;, spin-orbit lines,
respectively (Figure 13a). The determination of oxidation state of the each and
every component is very important, and also it is very difficult. The shape of the
satellites and the energy gap between the satellites are the key parameters used to
discriminate between different oxidation states of Co. For instance, the presence of
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Figure 13.
ND-Co;0, nanocomposite—XPS spectra: (a) Co 2P, (b) O 1s, and (c) C 1s core levels [19].

a pronounced satellite like that founded in the present sample at 785.7 eV can be
ascribed to CoO. For the case of Co3;04 compounds, the satellite is generally
detected at BEs higher than 10 eV with respect to the main peak. It is observed from
the XPS analysis that the Co3;0, particles are covered by a thin layer of CoO.

The O 1s core level is presented in Figure 13b for the cobalt nanoparticles
(bottom) and for the nanocomposite (upper). The first component, centered at a
BE = 529.5 eV (gray), is ascribed to oxygen atoms in the cobalt particles, while the
others are related to different oxygen species. In particular, the components at
531.6 eV (red) and 533.7 eV (green) are ascribed to OH™ and C=0/0=C=0,
respectively. Moreover, in the case of the nanocomposite, the C 1s core level
(Figure 13c) shows interesting features. Four components were needed for fitting
this peak, appearing at BEs of 284.6 eV (gray), 286.5 eV (red), 287.8 eV (green),
and 289.6 eV (blue), which can be ascribed to C=C, C=0OH or C=0==C, C=0, and
O=C==0, respectively. Thus, XPS indicates that the cobalt particles are integrated
with the treated nanodiamonds.

4.2 Thermal properties

The water- and ethylene glycol-based ND-Co30,4 nanofluid’s thermal conduc-
tivity and viscosity were measured by Syam Sundar et al. [19], and the data is
shown in Figure 14a and b at different particle weight concentrations and temper-
atures. The water-based ND-Co30,4 nanofluid’s samples are shown in Figure 14b,
and particle size distribution is shown in Figure 14c. They observed thermal con-
ductivity enhancement of 2 and 6% for 0.05 wt.% of water-based ND-Co;0,
nanofluid and the thermal conductivity enhancement of 8.7 and 15.7% for 0.15 wt.%
of water-based ND-Co30, nanofluid at temperatures of 20 and 60°C, respectively,
compared with water data (Figure 14a). They also observed thermal conductivity
enhancement of 1.16 and 3.97% for 0.05 wt.% of EG-based ND-Co30, nanofluid
and the thermal conductivity enhancement of 4.68 and 8.71% for 0.15 wt.% of EG-
based ND-Co;0, nanofluid at temperatures of 20 and 60°C, respectively, compared
with EG data (Figure 14d).

4.3 Toxicity of ND-Co30,4 nanoparticles

The toxicity of ND-Co30,4 nanoparticles was studied by Syam Sundar et al. [24]
on Allium cepa, and the results are shown in Figure 15. The untreated root tip
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Thermal conductivity of ND-Co;0,, nanofluids: (a) water-based nanofluids, (b) sample nanofluids,
(c) particle size distribution, and (d) EG-based nanofluids [19].

cells showed a mitotic index of 71.3 & 2.2%. However, a dose-dependent effect on
mitotic index was noted for Co3;04 and Co304-cND. In particular, the mitotic
indices were found to be 58.07 + 1.7, 37.8 & 1.2, and 28.6 + 0.8% upon exposure
to 5, 10, and 20 pg/mL Co, respectively. Notably, decreases in MI were
insignificant at these concentrations of cND with values of 68.3 £ 2.0, 65.7 £+ 1.9,
and 59.0 + 1.7, respectively. The ameliorative effect of Co-accrued impacts is
demonstrated by low (5 pg/mL) and moderate (10 pg/mL) concentration values of
cND-Co50,. This indicates that, if accidentally released into the environment, cND-
Co30,4 would be safe for biotic life to a maximum concentration of 10 pg/mL. The
observed Co-accrued cyto-genotoxic consequences coincide with similar earlier
studies, where Co oxide nanoparticles were reported to spoil the whole cellular
metabolism and stages of cell division mainly by blocking water channels through
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Figure 15.

Toxicity tests on Allium cepa of ND-Co;0,, nanoparticles (A-D), various concentrations of cobalt oxide
(E-G), and cND-Co;0, (H-K). A = prophase, B = metaphase, C = anaphase, D = telophase, E = chromosomal
break, F = cytoplasmic bridge, G = disturbed anaphase, H = laggard, I = sticky anaphase, ] = scattered
anaphase, K = prophase nuclei with micronucleus in interphase, L = binucleate cells [24].

adsorption and/or by impacting genetic material by causing various types of chro-
mosomal aberrations.

In summary, insignificant changes in MI with moderate concentration (10 pg/mL)
of cND-Co030, also confirm that cND-Co30, was unable to interfere with the
normal development of mitosis mainly by its incapacity to prevent cells from
entering the prophase and blocking the mitotic cycle during interphase inhibiting
DNA/protein synthesis. Moreover, 20 pg/mL of cND-Co30, compared to 5, 10, and
20 pg/mL of Co304 and 10 pg/mL of cND-Co30, presents insignificant and infre-
quent chromosome aberrations (such as stickiness, breaks, disturbed, and scattered
metaphase); therefore, these results strongly support the environment-friendly
nature of the cND-Co30,4 nanocomposite, as demonstrated by the toxicity tests
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conducted using Allium cepa (Figure 15A-D). For comparison purpose, similar
tests are also performed for various concentrations of cobalt oxide nanoparticles
(Figure 15E-G) and cND-Co30,4 (H-K) (Figure 15H-K).

5. Zeolite Y/cobalt oxide (Co30,4) nanoparticles
5.1 Synthesis procedure

The zeolite Y/cobalt oxide (Co30,) nanoparticles were synthesized by Davar
et al. [25], and the schematic diagram is depicted in Figure 16. The Co304
nanocomposite was synthesized by an ion exchange of cobalt ions and zeolite Y in
the presence of sodium hydroxide and calcination treatment; the synthesized zeolite
Y/Co304 has a paramagnetic behavior at room temperature.

1 gr Zeolite Y|(3) 20 ml Co(AC) /0.IM| | 0.75grS1 [ (F) | NaOH 0.1M

reflux in
80 *C
2hr

precipitation of
cobalt hydroxide
within Y zeolite

[washing & dﬁng in oven |
at60 °C forShr |

washing & dring in oven
at 60 *C for 5 hr

calcination in
350-500 *C

~dealuminization
Co30M - zealite ¥ nanocomposite 5i-0 splitting

S nin - cobalt oxide f

Figure 16.
Synthesis procedure of zeolite Y/Co50,, nanoparticles [25].

6. Carbon nanotubes/cobalt oxide (Co30,4) nanoparticles
6.1 Synthesis procedure

The f-SWCNT/Co030,4 nanocomposite was prepared by Abdolmaleki et al. [26]
using the electrostatic coprecipitation route. They noted that the specific
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capacitance of f-SWCNT/Co30, is high with a value of 343F /g, while that of the
Co50, nanoparticles is only 77F /g (Figure 17). Zarnegar et al. [27] used a new
sonochemical synthesis of polyhydroquinolines having as catalyst Co;04-CNT
nanocomposites for aldehydes, dimedone, ethyl acetoacetate, and ammonium ace-
tate in an ethanol medium. These nanocomposites proved to be a highly effective

air, m-hexanol

SCQ(HDJ)z - Cﬂ;ﬂ‘;* + ﬁwﬂz f"‘ ﬂzf
140-180 C
II.‘SD, Hy50, wir, c-mnan
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Figure 17.
Synthesis procedure of MWCNT-Co;0,, nanoparticles [26].

Ll

a8 18 Iﬂll LEo

500 nm

Figure 18.
TEM results of MWCNT-Co304 nanoparticles [27], (a) Co;0,, (b) MWCNT, (c) MWCNT-Co;0,
nanoparticles at 100 nm range and (d) MWCNT-Co;0, nanoparticles at 100 nm range.
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catalytic system, and they provide a green strategy to generate a variety of
polyhydroquinolines under sonic conditions. The TEM image of Co304
nanoparticles (Figure 18A), carbon nanotubes (Figure 18B), Co304-CNT
nanocomposites at microscope 100 nm range (Figure 18C), and Co30,4-CNT
nanocomposites at microscope 40 nm range (Figure 18D) is shown in Figure 18.

7. Conclusions

The cobalt oxide-based composite nanoparticles and its engineering and medical
applications were discussed in this book chapter. The pure Co;0,4 nanoparticles
reveal the presence of toxicity, whereas cobalt compounds are nontoxic. In this
book chapter, the synthesis procedure for cobalt and cobalt-based compounds such
as GO/Co304, ND-Co0304, zeolite Y/Co30,4, and MWCNT-Co304. All the synthe-
sized cobalt-based compound materials present magnetic properties, which can be
benefit for the thermal applications, electrical applications, and medical applica-
tions. Cobalt oxide-based compounds have improved synergistic properties as
compared to pure cobalt oxide nanoparticles.
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Abstract

In this work, catalysts based on cobalt supported on ZrO, and CeO, and
CoCeMnOx were studied for the CO preferential oxidation (COPrOx) in hydrogen-
rich stream able to feed fuel cells. Among them, the CoCeMnOx formulation
showed the highest CO conversion at low temperatures, while the cobalt oxide
supported on ceria presented the best selectivity toward CO,. The Co;0, spinel was
the active phase for the CO preferential oxidation detected in all catalysts. However,
the CoOx-Ce0O, and CoCeMnOx catalysts resulted more active than cobalt oxide
supported on zirconia. The presence of ceria close to cobalt species promotes the
redox properties and enhances the catalytic activity. In the CoCeMnOx catalyst
prepared by coprecipitation, the incorporation of Mn represented an additional
positive effect. The presence of Mn promoted the reoxidation of Co** to Co>* and,
consequently, the activity increased at low temperature. By X-ray diffraction
(XRD) of CoOx-ZrO, and the CoOx-CeO; catalysts, the Co;04 spinel and ZrO, or
CeO, were identified in agreement with laser-Raman spectra. At the same time,
the CoCeMnOx catalyst, prepared by coprecipitation of precursor salts, showed an
incipient development of a new phase (Mn,Co);0, mixed spinel, due to the intimate
contact between elements.

Keywords: COPrOx, (Mn,Co);04 mixed spinel, redox couple, CoCeMnOx,
CeO, support, XPS, laser-Raman spectroscopy

1. Introduction

The global demand for energy has been inexorably growing in the last decades.
The increasing use of fossil fuels in order to generate energy causes serious prob-
lems to the environment due to the gaseous emissions. This fact has produced a
global movement toward trying to remove the contaminants from combustion
effluents. Besides, the exploration for alternatives to fossil fuels, biofuels or hydro-
gen as an energy vector, has gained an immediate and future significance because
this could contribute to the depletion of greenhouse gases [1-3].

Fuel cells are devices that are being actively developed, because they are power
generation systems that can produce energy with significantly less impact on the
environment. Among several types of fuel cells, proton exchange membrane fuel
cells (H,-PEMC) are considered to be the most technically advanced for such
application [4]. Hydrogen produced by means of the steam reforming or auto-
thermal process of hydrocarbons or alcohols should contain less than 10 ppm of
carbon monoxide before entering the cell since CO poisons the Pt anode of the fuel
cells (Figure 1) [5, 6]. After the reforming step, the hydrogen production process
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Figure 1.
Schematic flow diagram of a typical fuel cell processor with COPrOx.

continues with the water gas shift reaction (WGSR), where the stream is enriched
in hydrogen and the CO content is diminished to 1%. As the CO concentration in
the hydrogen stream is so high to enter to the cell, it is necessary to reduce it to the
desired levels. Among various methods such as catalytic methanation, Pd-based
membrane, and catalytic CO preferential oxidation (COPrOx), the latter is consid-
ered as the most adequate due to its simplicity and effectiveness. Thus, given the
importance of the hydrogen purification process, the last few years have witnessed
the surge of a renewed interest in the CO oxidation reaction, and several contribu-
tions dealing with this issue have recently been published [5-7].

In our research group, catalysts for the removal of contaminants from vehicles,
industrial facilities, and power-generating sources have been studied [8, 9]. In addi-
tion, catalysts and catalytic reactors have also been investigated for the production
and purification of H, to be used in fuel cells [10-13].

On the other hand, due to their redox properties, cobalt-containing catalysts have
been the object of numerous publications in the environmental catalysis field and
in the purification of H, stream, among other applications. For example, catalysts
based on cobalt oxides have been studied for soot combustion [14], NOx selective
reduction in oxygen excess [15], and CO preferential oxidation reaction [16].

The challenges involved in the design of successful COPrOx catalysts are the
following: (i) high CO oxidation activity at low temperatures, (ii) high selectivity
for CO oxidation against the undesired H, oxidation, and (iii) good resistance to
deactivation caused by the H,O and CO, in the feed [5, 6, 17].

In order to reduce the CO concentration without consuming H,, several catalysts
have been studied with promising results. Catalysts of Pt supported on bimetallic
systems achieved excellent results [17-19], but the high cost of noble metals led
the investigations toward the use of other active phases. For instance, CuO/CeOx
catalysts have shown a catalytic performance in the COPrOx comparable to those
based on noble catalysts [20-22].

In this vein, it has been shown that the combined effect of cobalt oxide and ceria
strongly influences the morphological and redox properties of the composite oxides,
by dispersing the Co;0, phase and promoting the efficiency of the Co®*/Co** redox
couple [23, 24]. Numerous publications have shown that the addition of other metals
to a cerium-based mixed oxide (Zr or Mn) increases the oxygen storage capability of
the ceria. This effect is originated by the increase in the surface oxygen mobility due
to chemical interactions between cobalt, cerium, and other metals [25-27].

On the other hand, the use of structured catalysts as those supported onto
honeycomb monoliths has long been considered in the chemical industry, and it has
increased with the significance of environmental catalysis in pollution abatement
applications due to catalysts with a high attrition resistance and a low pressure drop
that are required. In addition the thin catalytic coating allows high efficiency and
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selectivity. Cordierite offers high mechanical strength, high resistance to elevated
temperatures, and temperature shocks due to its low thermal expansion coefficient.
Moreover, it presents great adhesion stability, which is a very important property
for the monolithic catalysts [12, 13, 15, 16].

In our previous work with structured catalysts, we showed that cobalt supported
on zirconia and ceria and CoCeMnOx mixed oxides resulted in efficient catalysts
for the COPrOx. However, it is of great interest both to identify the cobalt spe-
cies present in an active catalyst and to analyze the interactions with the support
(CeO, or Zr0O,) and their influence on the catalytic behavior. It is also important to
understand the role of cobalt in the CoCeMnOx mixed oxides. In the present work,
avery detailed analysis of the species present in these complex systems was carried
out. The catalysts were analyzed by X-ray diffraction (XRD) and temperature-
programmed reduction (TPR). The X-ray photoelectron spectroscopy (XPS) and
laser-Raman spectroscopy (LRS) were used to characterize the oxidation state,
concentration, and chemical nature of species present on catalysts.

2. Materials and methods
2.1 Preparation of cobalt-based catalysts

Three main groups of Co-based catalysts with 10 wt.% of cobalt were prepared—
CoO0x/Zr0,, CoOx-Ce0,, and CoCeMnOx—in order to study the cobalt species and
their relation to the centers active in the CO preferential oxidation.

The CoOx-ZrO; catalyst with 10 wt.% cobalt on ZrO, was prepared by wet
impregnation and labeled CoZ. A commercial zirconia support (6.8 m*/g, pore
volume ca. 0.013 cm®/g) was impregnated with an aqueous solution of Co(NO3),.
The mixture was evaporated until achieving a paste, which was placed in the oven
overnight at 120°C.

CoOx-CeO; catalysts were prepared by two different methods. The CoCe-I sam-
ple was produced by the wet impregnation method with 10 wt.% of cobalt, using an
aqueous solution of Co(NO3); and CeO, powder as support which was obtained by
precipitation of the Ce(NO;); solution with NH,(OH). The mixture was evaporated
under continuous agitation until achieving a paste, which was placed in the oven
overnight at 110°C. By means of the coprecipitation method, CoCe-P catalyst was
obtained. The aqueous solution of Co(NO;), and Ce(NO;); was precipitated with
NH,(OH) added drop by drop under vigorous stirring. The resulting precipitate was
filtered and washed several times with distilled water and dried overnight at 110°C.

The CoCeMnOx oxide mixture catalyst with 10 wt.% of Co and Mn/Co molar
ratio of 1/4 was prepared by the coprecipitation method, adding NH,(OH) to an
aqueous solution of Co(NOs),, Ce(NO3);, and Mn(NOs),. The mixture was kept
2 h under continuous stirring at room temperature. The precipitate obtained was
washed several times with deionized water and then dried overnight at 110°C.

After drying, all obtained solids were calcined for 5 h at 500°C under flowing
air (25 mL/min), and the temperature was ramped from room temperature up to
500°C at 10°C/min.

2.2 Characterization
2.2.1 Chemical composition quantification

Elemental analyzes were performed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) on an ICP Optima 2100 DV PerkinElmer instrument.
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2.2.2 Surface area measurement

The specific surface area was calculated by BET method from N, adsorption
isotherms at —196°C with a Micromeritics TriStar 3000 instrument. The powder
samples (50 mg) were previously outgassed in vacuum at 300°C for 3 h in order to
remove any adsorbed substance. The volume of adsorbed N, was measured as the
pressure was increased.

The surface area S of the catalysts was calculated as

_v,NA

§ = 1)

where N is the Avogadro number, VM is the molar volume of a gas, A is the area
of a molecule of nitrogen, and v,, is the volume of an adsorbed monolayer of gas,
which is obtained from the BET equation

v(Po-P) VmC ' Um Py

P 1 +(C—1)£ 2)

where P and Py are the equilibrium and the saturation pressure of N, at the
temperature of adsorption, v is the adsorbed gas volume, v,, is the volume of an
adsorbed monolayer, and ¢ is the BET constant.

2.2.3 X-ray diffraction (XRD)

The patterns of all samples were measured on a Shimadzu XD-D1 instrument
with monochromator using Cu-Ka radiation at a scanning rate of 1°/min in the
range of 20 = 20°-80°.

2.2.4 Temperature-programmed veduction (H-TPR)

The catalysts (100 mg) were pretreated in Ar flow heating up to 300°C and held
30 min in order to clean the catalytic surface. The reducing gas was a 5% H,/Ar
mixture; the temperature was ramped up at 10°C/min to 900°C. The experiments
were carried out using an Okhura TP-2002S instrument equipped with a thermal
conductivity detector (TCD). The H, uptake was registered as the temperature
increased.

2.2.5 Laser-Raman spectroscopy (LRS)

The laser-Raman spectra of catalysts and CeO, and ZrO, supports disposed
as pressed powder were measured with a LabRAM spectrometer (HORIBA Jobin
Yvon) with an Olympus confocal microscope, equipped with a charge-coupled
device (CCD) detector. The excitation wavelength was in all cases 532 nm. The laser
power was set at 30 mW. In addition, a Linkam high-temperature cell was used for
the in situ experiments, introducing into the cell 50 mg of powder catalysts. The
reductive/oxidative treatments were carried out at different temperatures. The con-
centration and the caudal of gas reactants which entered to the cell were controlled
by mass flow controllers. A thermocouple placed on the middle of the catalytic cell
allowed the temperature control.

2.2.6 X-ray photoelectron spectroscopy

XPS analyses were performed in a multi-technique system (SPECS) equipped
with AlKa X-ray source and operated at 100 W with pass energy of 30 eV. In
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addition, in order to avoid the spectral interference (Mn LMM with Ce 3d), the
spectra of Ce 3d, O 1s, and C 1s were measured with MgKa X-ray source. The
XPS analyses were performed on the calcined powders which were previously
pressed. The data treatment was performed with the Casa XPS program (Casa
Software Ltd., UK).

2.3 Assessment of the catalytic activity

CO preferential oxidation experiments were performed in a fixed-bed flow
reactor at atmospheric pressure. The reaction mixture consisted of 1% CO, 1%
0,, and 40% H, and He balance. The weight/total flow ratio was adjusted to
2.1 mgemin/mL. The CO conversion (Xco) and the oxygen selectivity toward CO,
(Soz) were defined as

0
Xeo(9%) = (Ceo=Ceo) 190 3)
CO
0
So.(%) = 0.5Ce - Cco) 199 4
0% =050 "co) @

where C¢o and Co, were reactor exit concentrations of CO and O,, respectively,
while Cco® and Co,° represented the feed concentrations. The stream compositions
were measured with a chromatograph GC-2014 Shimadzu equipped with a TCD
cell. All catalysts were pretreated during 1 h in O,/He flow at 200°C before the cata-
lytic test. In order to study the stability and a possible deactivation caused by the
presence of CO,, the CoCeMnOx catalyst was tested during 75 h at 175°C, adding
20% CO, in the reactant mixture.

3. Results and discussion
3.1 Prepared catalysts

The compositions of the cobalt-based catalysts, analyzed by the ICP technique,
are presented in Table 1 and are in agreement with the predefined nominal values.
The cobalt content (wt.%) resulted 9.2, 10.6, and 8.6 for CoZ, CoCe-I, and CoCe-P,
respectively, while for the mixture of oxides CoCeMnOx, the concentrations of Co,
Mn, and Ce were 11, 2.6, and 24.8 wt.%, respectively.

The BET method was used to determine the surface specific area of each sample,
and the values are also reported in Table 1. The surface area of the CoZ sample
practically did not change with the impregnation of cobalt, showing BET value of
7.5 m’/g, close to the ZrO, support. On the other hand, the surface area was similar
for the CoOx-CeO, catalysts, regardless of the impregnation or coprecipitation
methods used. As it can be observed for CoMnCeOx, the addition of a small amount
of manganese increased the specific surface with respect to the other samples, pos-
sibly due to the insertion of Mn in the ceria structure.

3.2 X-ray diffraction

The crystalline structures of the different Co-based catalysts and that of the
ZrO, and CeO, supports were analyzed by means of XRD. Figure 2 shows the dif-
fraction patterns of the samples.

The CoOx-CeO; catalysts (CoCe-I and CoCe-P) show patterns dominated by
the characteristic CeO, diffraction peaks, whose main signals appear at 26 = 28.6°,
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33.4°, 47.8°, and 56.6° (JCPDS34-0394). The peaks of Co;0,4 at 26 = 31.3°, 36.8°,
44.8°,59.4°, and 65.3° (JCPDS 42-1467) do not seem to modify the structure of
the CeO, diffraction pattern. Despite the different preparation methods that
were used, only two phases can be distinguished, i.e., Co;04 spinel and CeO, with
fluorite structure.

Catalysts Preparation Co Mn Molar ratio of Co/ BET area
method (wt.%) (wt.%) Zr or Ce (mzlg)
CoZ wet impregnation 9.2 — 0.15 75
CoCe-I wet impregnation 10.6 — 0.14 93
CoCe-P co-precipitation 8.6 — 0.14 92
CoCeMnOx co-precipitation 11.0 26 1.06 165
Table 1.

Co-based catalysts, compositions, and specific surface area.
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Figure 2.
XRD patterns of CoZ, CoCe-I, CoCe-B, and CoCeMnOx catalysts and CeO, and ZrO, supports.

58



Cobalt-Based Catalysts for CO Prefevential Oxidation
DOI: http://dx.doi.org/10.5772/intechopen.88976

On the other hand, the diffraction pattern of the CoZ catalyst shows the peaks
associated with the monoclinic ZrO, support and the main signal of Co;0, at
20 = 36.8°.

In the diffraction pattern of the CoCeMnOx catalyst, a broadening of peaks
corresponding to the CeO, phase can be observed. These results could indicate that
the structure of CeO; is distorted due to the insertion of manganese, although the
type fluorite structure of CeO, is still maintained [28]. It can be observed that in
the main signal of CeO, (26 = 28.6°), an asymmetric broadening appears associated
with an incipient formation of the (Mn,Co)30, phase, which has a characteristic
peak at 29.4° (JCPDS 18-408). Likewise, the main peak of the (Mn,Co);0, phase
(20 = 36.4) appears at 36.9°, close to the main signal of the Co;0, spinel.

3.3 Temperature-programmed reduction

Figure 3 exhibits the reduction peaks corresponding to cobalt-based catalyst.
The reduction profile of the CoZ catalyst presents a peak, whose maximum is
at 395°C, and a shoulder, at 370°C. The cobalt oxide reduction is completed at
440°C. It is known that the reduction of Co;0, takes place in two steps that corre-
spond to the subsequent reduction of the Co®* and Co** species present in the spinel
structure.

The CoCe-P profile presents two intense peaks at 300 and 380°C belonging
to Co30,4 reduction. The small signals at 471 and 850°C could be attributed to the
reduction of the ceria support, superficial oxygen, and bulk species, respectively
[29, 30]. On the other hand, in the CoCe-I sample, the peak at 471°C is a small
shoulder. It is probable that for the coprecipitated catalysts, a more intimate contact
between Co and Ce species takes place. This fact produces a synergistic effect pro-
moting the reducibility of the species and the mobility of surface oxygen species in
ceria support. The performance of Co;04 phase on COPrOx reaction follows a redox
mechanism which involves the reduction/oxidation of the Co* site. The presence of
ceria and the synergism with cobalt would improve its reducibility. According to the
H, consumption of each sample, the H,/Co ratio close to 1.33 revealed that Co;0, is
the cobalt phase present on CoZ catalysts. In the case of CoOx-CeO; catalysts, the
H,/Co ratio values higher than 1.33 were calculated. This would indicate that a CeO,
fraction was reduced within the range of temperatures studied.

The profile of the CoCeMnOx catalyst shows three reduction zones at low
(150-420°C), intermediate (420-620°C), and high (650-900°C) temperatures.
As shown by XRD, the Co species seems preferentially to form the Co;04 spinel
(20 = 36.9°) without distortion of the CeO, structure, which is reduced at low
temperature. The reduction of manganese species should also be considered in this
zone, because there are multiple overlapping peaks [28]. Then, the cobalt species
(Co30,) and a fraction of the Mn**/Mn”* species incorporated to the ceria struc-
ture might be reduced below 420°C. The reduction temperatures of Co;0,4 in the
CoCeMnOx catalyst are lower than in the CoCe-I and CoCe-P samples. The other
broad peak centered at 800°C is a typical reduction peak of bulk CeO, and could
also be associated with some difficult-to-reduce Mn™" species.

3.4 Laser-Raman spectroscopy
The laser-Raman spectra of catalysts and CeO, and ZrO, supports are shown in
Figure 4. The CeO, spectrum shows a main band at 464 cm™ (F2g mode) and other

weaker signals at 259, 587, and 1173 cm™! belonging to second-order (2 TA, D, and
2TO) Raman modes, respectively, which are associated to oxygen vacancies [31-33].
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Figure 3.
Temperature-programmed reduction of CoZ, CoCe-I, CoCe-B, and CoCeMnOx catalysts.

The Raman spectra of CoCe-I and CoCe-P show a single peak at 464 cm ™,

which corresponds to CeO,, as well as the signals at 193, 484, 524, 615, and 680 cm™!
assigned to the vibrations of the Co;0, spinel. The bands at 193, 524, and 615 cm™!
were attributed to the F2g mode, while the bands at 484 and 680 cm™ were
assigned to the Eg and Alg modes, respectively [34].

In the CoCeMnOx spectrum, the bands of Co;0,4 oxide are not detected.
However, a small peak at 666 cm ™ is observed, due to the possible formation of
a Mn,Co mixed spinel. Nevertheless, the XRD patterns showed the main peak corre-
sponding to the Co;0, spinel Therefore, the co-existence of Co;04 and (Mn,Co);04
phases could also be possible.

The Raman spectra of the CoZ catalysts and ZrO, support are shown in
Figure 4. The main bands at 680 and 520 cm™" can be observed corresponding to
cobalt oxides [35]. The other bands at 193, 475, and 615 cm™ overlap with the bands
of zirconia monoclinic phase.

In order to understand the change of the active phase under different atmo-
spheres, the CoCe-I catalyst was subjected to different reductive/oxidative
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Figure 4.

Raman spectra of CoZ, CoCe-I, CoCe-B, and CoCeMnOx catalysts.

treatments at different temperatures. These experiments were followed by in situ
Raman spectroscopy, recording spectra at each temperature. The catalyst was
placed in a reaction chamber coupled to the spectrometer.

The first experiment consisted in reducing the catalysts with a 1% CO/Ar stream
with the purpose of analyzing the CO reducing capacity. At room temperature
the main signals corresponding to Co;0,4 at 691, 521, and 484 cm™), as well as the
main signal of CeO, at 463 cm !, were detected (Figure 5A). As the temperature
increased, the intensity of the Co;0, bands decreased. However, a weak signal
around 690 cm ™" was distinguished at 300°C, while at 325°C no signals of Co30,
were detected, which implied that Co;04 was completely reduced by CO from the
gas phase. The catalyst was cooled to room temperature in 1% CO/Ar mixture and
then maintained in Ar atmosphere.

The following experiment consisted in oxidizing the reduced catalyst with a
1% O,/Ar stream, and the spectra are exhibited in Figure 5B. In the spectrum at
the bottom, recorded at room temperature, it is possible to observe the main signal
of CeO, at 463 cm™, as well as a broad signal between 500 and 600 cm™ !, which
was assigned to oxygen vacancies. As the temperature increases, this broad band
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decreases due to the incorporation of oxygen from the gas phase into the structure.
Moreover, at 200°C the signals corresponding to Co;O, are observable due to the
oxidation of Co metal particles. After the experiment, the catalyst was cooled in
1% O,/Ar flow at room temperature, and then it was treated in an Ar stream during
several minutes. The corresponding spectrum registered at room temperature is
shown in Figure 5C.

After that, the catalyst was again reduced at 350°C by a reducing stream
(1% CO, 40% H, in Ar), and then, it was cooled in the same stream. A new spec-
trum was recorded at room temperature, and it is only possible to observe the main
signal of CeO; at 464 cm ™. Then, the catalyst was treated in Ar stream during
several minutes, and oxygen vacancies were again detected.

Subsequently, the catalyst was subjected to a stream composed of the COPrOx
reactant mixed gas flow (1% CO, 1% O,, 40% H, and Ar). At room temperature the
CeO, main signal was still observed. The temperature was increased, and at 150°C
it was possible to detect a little band at 680 cm™, which belongs to Co;04, which
indicates that the oxygen present in the reactant gas stream is capable of reoxidizing
the reduced cobalt species. When the temperature continued increasing, the band at
680 cm ™" was well defined, but at 300°C, it started again to decrease. At 325°C, the
signal completely disappeared.

3.5 X-ray photoelectron spectroscopy

The surface characterization of Co-based catalysts was analyzed by the
XPS technique, and the spectra for Co 2p and O 1s core levels are presented in
Figure 6. The Co 2p spectrum shows two peaks at 780.1 and 795.0 eV, corre-
sponding to the Co 2ps/,-Co 2py; spin-orbit splitting (Figure 6A). These binding
energies (BE) could be assigned to Co** or Co’* species, since the BE difference
is negligible for both species. However, the presence of intense satellite peaks is
distinctive of the Co™ spectrum [36, 37]. The cobalt spectra present very small
satellite peaks, or else, the absence of them would indicate that Co®* species are
dominant for all catalysts.

Figure 6B shows the O 1s XP spectra for all of the catalysts studied. Broad and
complex shape spectra are observed in this region. These spectra can be described
as the result of the overlapping of two components corresponding to different
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In situ Raman study of CoCe-I. (A) 1% CO/Ar flow, (B) 1% O,/Ar flow, and (C) under reaction conditions
(1%CO, 1%0,, 40% H,, Ar).
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Figure 6.

XPS spectra of Co 2p;, (A) and O 1s (B) for CoZ, CoCe-I, CoCe-B and CoCeMnOx catalysts.

species or groups of species. The first peak appears at 529.8 eV and the other at
532.3 eV. The oxygen signal at lower BE corresponds to bulk CeO, oxide and to
cobalt oxides [38, 39]. The other component is assigned to hydroxyl, water, and/or
carbonate groups adsorbed on the solid surface [40].

3.6 Catalytic evaluation

The COPrOx reaction system can be described by the following two reactions;
the first one corresponds to CO oxidation, while the second one is the undesirable
H, oxidation reaction.

H,+0.50,- H,0 (6)

Figure 7A presents CO conversion curves of different catalysts as a function of
temperature. It can be observed that the catalyst which was prepared with ZrO,
support reached a conversion maximum (92%) lower than that reached by the
catalysts prepared with cerium and at a higher temperature (200°C). CoCe-I and
CoCe-P reached almost total CO conversion at 175 and 165°C, respectively, showing
that CeO; is a better catalytic support than ZrO,. Moreover, the small difference
in catalytic performance which exists between CoCe-I and CoCe-P indicates that
the coprecipitation method is slightly suitable to obtain an adequate catalyst for
this reaction. When manganese was incorporated to the catalytic formulation, it
could be observed that with the CoCeMnOx catalyst, complete CO conversion was
reached at lower temperature than other catalysts. In addition, the temperature
window of CO maxima conversion was maintained on a wide temperature range
(150-200°C). Figure 7B shows the O, to CO; selectivity curves as a function of
temperature. Selectivity curves exhibited a decreasing trend as the temperature
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COPrOx reaction on CoZ, CoCe-I, CoCe-B, and CoCeMnOx catalysts. (A) CO conversion (%). (B) O,
selectivity to CO, (%). Reaction conditions: 1% CO, 1% O,, 40% H, and He balance. W/F: 2.1 mg min/mL.

increased. Since the H; oxidation (reaction 2) had a higher apparent activation
energy than the CO oxidation (reaction 1), as temperature increased, the hydrogen
oxidation rate also increased so that CO conversion decreased and, consequently,
the selectivity curve also decreased.

Moreover, the stability of CoCeMnOx and the effect of CO, adding in the feed
were studied at 175°C during 75 h under reaction conditions. The CO conversion
was maintained at 95% while the selectivity increased from 50 to 60%. The used
catalysts did not show carbon formation by LRS spectroscopy.

The CeO, support with high mobility of surface lattice oxygen promotes the
surface exchange between reduced and oxidized species Ce** + Co**«>Ce** + Co™".
This process allows that the Co®* species are available on the catalytic surface.

In the case of CoCeMnOx, which is the most active catalyst, the Co* species are
oxidized by oxygen from Mn oxides or CeO, support, and then they are oxidized by
oxygen from the gas phase. The redox couples Co**/Co’* and Ce*"/Ce*" are improved
by the presence of MnOx.

The in situ Raman results suggest that the active phase participates in the
chemical reaction by a redox mechanism, where Co** oxidizes CO and reduces
itself to Co®*, but this cobalt species is permanently reoxidized by oxygen pro-
vided by CeO, and/or the gas phase. These experiments also allow inferring that
the reduction step limits the overall reaction while the reoxidation on the surface
is very fast.

4, Conclusions

The nature of cobalt species observed on Co-based catalysts used on the
COPrOx reaction was influenced by the constituent species of the environment.

The XRD, TPR, XPS, and LRS characterizations showed that the Co304 active
phase was present in all catalysts. From diffraction patterns of CoOx-ZrO, and the
Co0Ox-CeO; catalysts, the Co;O, spinel and the signals corresponding to ZrO, and
CeO, were identified in agreement with laser-Raman spectra.
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The CoCeMnOx catalyst, prepared by coprecipitation of precursor salts, showed
an incipient development of a new phase (Mn,Co)3;0, mixed spinel, due to the
intimate contact between elements.

The reduction of cobalt oxides was completed below 400°C and was promoted
by the oxygen vacancies of ceria. In contrast, in the CoZ catalysts, the cobalt species
were totally reduced at 440°C. The profiles showed two reduction steps assigned to
Co’ to Co”* and then Co** to Co’.

In situ laser-Raman spectroscopy revealed that cobalt species remained oxidized
in spite of the reducing atmosphere of the reactant flow within the temperature
range studied.

The XPS spectra showed the coexistence of Co™* and Co’* species according to
the Co;0, phase on the catalytic surface.

The CO conversion reached by the CoOx-CeO, catalysts was higher than the
CoOx-ZrO, sample, due to redox properties of ceria. The manganese addition
promoted the catalytic activity, widening the temperature window of maximum
CO conversion.
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Abstract

Transition metal nanoparticles and metal oxide have been used extensively
for a wide range of applications in electrochemical reactions (HER, ORR, OER)
and energy storage (supercapacitors batteries). To make less expensive, the use of
transition metal at minimum metal contents without compromising the catalytic
activity could be one way. Most of the catalytic process takes place on the surface
and reaction dynamic can be manipulated by changing the particle size and shape.
For along time, single metal atom organometallic compounds have been used as a
catalyst at the industrial level. However, problems with the homogeneous catalyst
to recover back at the end of the process lead to development of heterogeneous
single-atom catalysts with equal activity like a homogeneous catalyst. Cobalt single
atom has received a tremendous interest of the scientific community due to its
excellent catalytic activity and recyclability. Cobalt single-atom catalyst has shown
better performance compared with sub-nanometer nanoparticles catalyst for ORR,
OER, and HER. This chapter is conferring method of preparation of carbon-based
single Co atoms heterogeneous catalyst, their application for ORR, OER, HER reac-
tions, and mechanistic investigations through DFT calculations. The role of single
Co metal atoms and anchoring using N or heteroatoms is discussed and compared.

Keywords: single metal atom heterogeneous catalyst, transition metal catalyst,
homogeneous, heterogeneous, oxygen reduction reaction (ORR),
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)

1. Introduction

The main aim of current research on catalysis is to find out long-lasting
catalyst that can consistently work without compromising its catalytic activity
[1-3]. The catalytic activity mostly depends on a number of active sites and their
accessibilities. Catalytic activity can be tuned by manipulating the nanoparticles
sizes or by producing shaped nanoparticles with exposed facets [2-5]. Keys fac-
tors for catalytic properties are not very well known and atoms with the different
environments are mostly showed different catalytic activity. For example, an
atom on the edges and on corners mostly showed different properties, more cata-
lytic activity compared with the atoms present in the middle of exposed facet.
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For catalysis purpose, mostly surface atoms are accessible and catalytically active,
remaining bulk atoms are providing support. The amount of metal required to
produce catalytic activity can be reduced by bringing down the particle size at
the atomic level, it may be enhanced by using single-site metal catalyst. Single-
metal atom catalysts (SMACs) have shown better activity compared with sub-
nanometer nanoparticles materials. As limited by the change in morphologies of
nanoparticles, a concept of SMACs has emerged because it only way remaining

to maximize efficiency of catalyst [4, 5]. Many single Co atoms homogeneous
catalysts have been reported (Figure 1a, b) [7], in which single metal atom is
supported by the bulky organic functional groups; their activity and accessibility
depends on the organic environment around the single metal atom. These organic
functional groups do not allow to agglomerate, provide thermodynamic stability
and chemical stability (Figure 1). However, it is very tedious and laborious to
recover back homogeneous catalyst from solution mixture and hard to reuse it
again. Thus we need a catalytic system that is easy to recover and reusable. So,
heterogeneous catalysts can be a good choice. However, to achieve the catalytic
efficiency equal to homogeneous catalyst, a single-atom catalyst preparation is
still challenging.

The preparation of stable SMAC:s is still challenging because high energy of a
single atom leads to agglomeration and makes them unstable under reaction condi-
tions at the industrial level. An effective way for a synthesis of SMACs via increas-
ing the interaction between a metal atom and support [4]. In general process, by
reducing the size of nanocatalyst and bring them at atomic scale, we are trying to
heterogenize homogeneous catalysts on heterogeneous supports. This can be done
by overcoming surface energy of a single atom by anchoring on a support substrate,
which might sufficiently active like a homogenous catalyst. Graphene is a good sup-
port to stabilize coordinately unsaturated single metal sites (CUMS). Graphene is a
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Figure 1.
(a and b) Co-PNP complex catalyzed the hydrogenation of CO2 to formate and formamides (Reproduced with
the permission, Copyright 2018, American Chemical Society [7]).
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perfect two-dimensional structure with high specific surface area, high mechanical
strength, and thermal stability. Its unique structure and electronic properties are
promising for the synthesis of stable CUMS metal atom. Several recent works have
been demonstrated the preparation of SMACs using graphene [6-11].

Overall support substrate and metal interaction could help to design long-
lasting, stable SMACs which could work without loss of catalytic activity under the
operational condition for specific reaction or applications. Using support-metal
interaction concept, Sahoo et al. investigated a theoretical model of graphene
supported transition metal (TM) atom including Iron (Fe) single atom [8]. DFT
result showed that graphene supported single-atom catalyst display relative
lower activation energy barrier for methane activation. However, of its excellent
catalytic performance, it has been proved that a single metal atom can migrate on
a surface of graphene defect (Figure 2), which allows them to agglomerate into
bigger nanoparticles, resultant in loss of catalytic activity. It has been proved that
a single metal atom can migrate from one position to another position on graphene
layer. Zhao et al. observed single Fe atom diffusion on graphene edge [12]. I situ
electron microscopy was used to investigate diffusion of Fe along edges of graphene
via either adding carbon atoms or by removing carbon atom (Figure 2A-G).
Besley et al. also studied the dynamic behavior of single Fe atoms embedded in
graphene sheet [13]. Migration of Fe atom was also observed by the aberration-
corrected high-resolution transmission electron microscopy (AC-HRTEM) experi-
ments. Anchoring mechanism using heteroatoms has found most effective tool

E o0s(a 15 (b) 2s (c) 3s(d)
| mdditinoal C alom 1-2 addifional C atoms 2 additional C atoms

Figure 2.

Ofe cycle growth of graphene edge: (A-D) a series of high-vesolution TEM images for 4 s, Fe atom are
highlighted with the red dots, nearby carbon atoms are highlighted by black dots. (E) Corresponding atomic
structure of A-D. (F) The combination of A-D, which showed the trace of the Fe atom during one unit cell
translocations, (G) the atomic structure of the whole growth process (Reproduced with the permission, 2014,
Proceedings of the National Academy of Science of the United States of America [12]).
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for synthesis of stable SMACs, which could avoid their agglomeration and helps in
remain catalytically active. However, anchoring mechanisms is not known com-
pletely and this mechanism can vary with substrates. In case of pristine graphene-
SMAC:s void or defect in the single-layer graphene served as a trap site for the single
metal atom and help them to stabilize.

2. Synthesis characterization and applications of single metal atom
heterogeneous catalyst

The main objective of synthesis of SMACs is 100% dispersion of metal atom on
a solid support (Figure 3). In SMACs, metal sites may contain different numbers
of metal atoms like dimer, monomer, trimer or cluster of a single atom. The main
feature of SMAC:s is highly active low coordination metal site which attracts reac-
tant molecules effectively, and excellent overall rate of reaction. The most impor-
tant feature of SMACs is metal support interaction which affects the electronic
structure and bond formation capability with other molecules in reaction media
[15]. However, it is quite challenging to synthesis isolated single metal atoms on
desired support. For long-lasting stable SMACs, the interaction between a metal
atom and support should be strong. Otherwise, these metal atoms can leached
out or migrate on surface of support and slowly convert into metal nanoparticles
during reaction process. For synthesis of SMACs, many techniques have been
used, including wet chemistry method, atomic layer deposition, modular synthe-
sis based on metal-organic framework, and mass-selected soft-landing method
[16]. Out of all techniques, pyrolysis and wet chemistry synthesis are mostly
preferred. In pyrolysis, samples are heated at elevated temperature > 500°C under
the protected atmosphere of different gases including N,, Argon, NH;, and H,. For
the synthesis of carbon or graphene-based SMACs, pyrolysis at high temperatures

Chelation and isolation

'
-:"tf'"-_ﬂw,. Glucose@ Metalion@® C ®N ©O OH ' 'z&’;&.
CN,

Formation of M-N,

Figure 3.
Demonstration of TM single atom anchoring on a carbon support, (Reproduced with the permission, 2019,
Nature Publishing Group [14]).
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at inert gas conditions has been used extensively. Carbon-based materials includ-
ing graphite [5], graphene [17, 18], nitrogen-doped graphene [19] were proved

to be a suitable support for the synthesis of Co SMACs, because of abundant
carbon vacancies at anchoring sites. In general, SMACs synthesis divided into four
categories [20].
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a. Use of metal-organic framework (MOF) for SMACs synthesis: In recent

years use of MOF in heterogeneous catalyst continuously expanding because it
well defines porous structure, high-ordered metal and organic arrangements,
well-separated metal center, and multi-metallic. MOF is well defined single
metal atom catalyst, however, due to its thermal and chemical stability signifi-
cantly hamper the widespread uses. Also, as prepared MOF cannot be used for
electrocatalytic applications, only few examples known in literature [21]. One
way is to mitigate these issues to convert them into carbon-supported SMACs.
Carbon-based materials do not only provide anchoring with the graphitic
skeleton, but also provide thermal and chemical stability to the single metal
atoms. Conducting graphitic two-dimensional nature of carbon support help in
manipulating charge density and electronic structure of the metal atoms.

b.Use of small metal-containing organic molecules for SMACs synthesis:

In this procedure as prepared carbon skeletons are mixed with the metal-
containing small organic molecules and subsequent heating at high temperature
in the control environment give a single metal atoms doped material [20]. These
molecular precursors are mostly low boiling or melting point, low thermal
decomposition temperature which creates difficulties during the carboniza-
tion of these precursors with the support materials. Hence for the synthesis of
SMACs, the selection of molecular precursors is very crucial and important. For
example, Chen et al. used silver tricyanomethanide and cyanamide as a starting
molecular precursor [22]. Both precursors have nitrogen and cyanamide mostly
used for the synthesis of g-C3N,. Carbonization of a mixture of both leads to
the formation of C3N, nanosheet doped with the silver atoms. In this procedure,
silver precursors can be replaced with the porphyrin complexes of iron, zinc, or
cobalt molecular precursors for the synthesis of different metal atoms on C3N,.
Besides this, a mixture of two different molecular precursors can help in the
preparation of a multi-metallic single-atom catalyst (MM-SACs).

. Use of sacrificial or hard template for SMACs synthesis: During the heterog-

enous catalytic reaction, reactant and product undergoes a series of reactions
over the catalyst surface: (1) diffusion of reactant through the solvent used to
disperse catalyst, (2) diffusion of reactant in the pore of the catalyst to access
catalytic sites, (3) adsorption of reactant on active site, (4) surface reaction or
catalysis involved surface diffusion, (5) desorption of product or byproduct
from catalytic sites, (6) diffusion of product or bi-product through pores, and
(7) diffusion of the product in solvent used for catalysis [20]. Hence, surface
area, pore size distribution, and accessibility of active sites are very important
parameters for good catalytic activity. Surface area and pore size of catalyst can
be manipulated using the templates like silica which can be sacrificed at the end
of synthesis to produce a porous network. For example, Liang et al. synthesized
a series of Co and Fe single atoms heterogeneous catalysts in a mesoporous car-
bon matrix using silica as a hard template [23]. After pyrolysis in a controlled
environment, silica can be leached out with the help of base using HF or NaOH
aqueous solutions. Besides that, metal oxide including MgO or Mg(OH); can
also be used for the synthesis of SMACs.
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d.Use of metal-containing complexes with carbon matrix for SMACs
synthesis: this procedure widely used for the synthesis of carbon-based
SAMCs. Dispersed carbon nanoparticles or graphene oxide was mixed with
the metal salt and other necessary chemicals [20]. Heating in a close reactor
at high temperature and pressure leads to the formation of metal embed-
ded carbon hydrogel. Dried aerogels are being heated at high temperatures
in NH; atmosphere which helps in creating an N anchoring site in graphene
oxide sheets or carbon networks. In final materials, the M-N, site formed,
which can be conformed using surface characterization techniques including
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and Extended X-ray absorption fine structure (EXAFS).
NHj; treatment can also be used for creating an N anchoring site in previously
synthesized porous carbon along with the metal salt mixture. This leads to the
formation of single metal salt along with bigger metal nanoparticles, which
can be eliminated using post-synthesis acid treatment.

2.1 Hydrogen evolution reaction (HER)

H, is a next-generation green fuel and H, generation using HER can leads to
sustainable ways to produce H, which can be used for generation of electricity in
fuel cells of combustion engine or directly can be used in H, engine for transporta-
tion. To achieve the high efficiency of water splitting, use of an efficient catalyst to
minimize the overpotential is required. Noble metals nanoparticle including Pt, Ag,
and Au are known for HER activity and requires very small overpotential with the
high reaction rate in acidic solution. However of its excellent catalytic activity, due to
high cost, and limited availability, we urgently need to develop an efficient transition
metal (TM) catalyst. Co is a known TM, available in large amounts and also not very
expensive. The development of Co single-atom catalyst could further reduce the
amount of metal required to achieve catalytic efficiency like noble metals.

Water electrolysis is performed by passing a current between two electrodes
through the acidic or basic solution. Overall HER reaction consists of two half-
reactions, at cathode hydrogen evolution reaction (HER) where H, is formed and
at anode, oxygen evolution reaction (OER) where O, is formed. These reaction
mechanisms can vary using pH of the reaction media. In acidic medium, the active
ions are proton and in alkaline medium, hydroxide ions are active species (below
reaction). HER reaction (2H" + 2e™ = H,) is a two-electron transfer cathodic reac-
tion in electrochemical water splitting.

Acidic electrolyte:

2H"(aq) +2e” — Hy(g)

Volmer step: H + €™ — Hygs

Tafel step: 2H,4; — H,

Heyrovsky step: H" + Hyqs + € — H;

Alkaline electrolyte:

2H,0 +2e” - H, (g) + 20H"

Volmer step water dissociation: 2H,O + 2e™ — H,qs (g) + 20H™
Tafel step: 2H,4; — H,

Heyrovsky step: H,O + Hygs + € — Hy + OH™

Water molecules are the sources of proton in alkaline medium; they react with
the OH™ ions, resultant in the formation of hydrogen atom adsorbed on the surface
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of electrode. The mechanism of HER reaction can be clearly observed using cyclic
voltammetry (CV). A CV is recorded mostly in the range of maximum and mini-
mum potential values. HER mechanism has three reaction steps including Volmer,
Heyrovsky, and Tafel. This reaction can have different pathways on the cathode
and mostly followed the combination of two reaction pathways. Overpotential

is defined as the difference between the equilibrium between thermodynamic
potential and the potential at which catalyst operates at a specific current at given
operational conditions.

n = Eapplied - Et

where n is the overpotential (V), Epiicq is applied potential (V), E; is thermo-
dynamic potential (V). Tafel plots in electrochemistry are used to understand the
kinetics of electrochemical cell reactions on the surface of catalyst. This can be used
for both anodic and cathodic reactions. Final equation included two Tafel variables
including Tafel slope and exchange current density.

pen(2)

where f is the Tafel slope (mV/dec), 7 is the current density (A/m?), iy is the
exchange current density (A/m?). p is a Tafel slope described the slope of the linear
region (Figure 4c) within the Tafel plot. A Tafel slope gives information about the
rate of reactions; which is inherent properties of the catalyst. For example, a Pt cata-
lyst in acidic medium, Tafel slope is 120 mV for Volmer step, 40 mV for Heyrovsky
step and 30 mV for Tafel step. For a good electrocatalyst, a small Tafel slope value
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Figure 4.

HER reaction performance (a) LSV of Co-NG, NG and Co-G in 0.5 M H,SO, at the scan rate of 2 mVs™.

(b) Rate of H, production per unit time. (c) Tafel plots of the polarization curve. (d) TOF value of the Co-NG
catalyst along with the TOF values of the recent veports (Reproduced with the permission, 2015, Nature
Publishing Group [19]).
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is expected. Exchange current density of the electrochemical reactions is another
important property of the electrocatalyst. For a good catalyst, current density should
be higher. Current density is closely related to reaction rate in the equilibrium state.
Higher current density always more stable and does not affect by the external energy
sources including temperature. Current density can be calculated using Tafel slope.
Fei et al. introduced an inexpensive, easy, and scalable method for synthesis of
Co SACs on nitrogen-doped graphene oxide (GO) [19]. A pre-treated mixture of gra-
phene oxide and a small amount of cobalt salt was heated in an NH; gas environment.
For the synthesis of Co-NG, an aqueous solution of GO was mixed with 1 ml of CoCl,
(3 mg mL™") using sonication. It should be noted, for synthesis a very diluted amount
of metal salt or organometallic compound always used. Resultant materials could
have bigger metal nanoparticles along with a single-atom catalyst, if excess amount
is used. Hence, atomic dispersion and number of metal active sites can be controlled
using the optimized amount of metal precursor. Then, the whole mixer was freez-
ing dried and heated at 750°C for 1 h underflow of NH; gas (50 cm*/min) and argon
(150 mL/min). Similarly, a control catalyst was prepared for comparison purposes.
HAADF, and EXAFS surface characterization and electrochemical measurements
have suggested the formation of Co-N; sites (Figure 5).
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Figure 5.

Structural chavacterization of Co-NG catalyst. (a) Bright filed aberration-corrected STEM images, scale bar

1 nm. (b) HAADF-STEM image. (c) Enlarge view of a selected avea in image b, scale bar 0.5 nm. (d, e) K,

weighted EXAFS in K space and their Fourier transformation in T space for the Co-NG and Co-G, respectively.

(f) Wavelength transformation of Co-NG and Co-G (Reproduced with the permission, 2015, Nature
Publishing Group [19]).
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All these data indicating that Co is atomically dispersed in nitrogen-doped gra-
phene support (Figure 5). Bond distance calculation clearly revealed the formation
of a Co-N bond (Figure 5d-f). This proved that N-atom in graphene support provide
anchoring to Co atom and did not allow to agglomerate during catalytic cycles. After
that, Co-NG was checked for HER catalytic activity using standard three-electrode
electrochemical cell. A glassy electrode was prepared and loaded with 285 pg cm™ cat-
alyst. Figure 4a showed LSVs curves of the samples which were recorded at2 mV's™
scan rate in 0.5 M H,SO, aqueous solution. Co-NG catalyst showed excellent HER
catalytic activity with a 30 mV onset potential at a current density of —0.3 mA cm™,
where in comparison commercial available Pt catalyst showed zero onset potential as
expected. Onset potential was 70 and 147 mV at 1 and 10 mA cm™ current density,
respectively. Figure 4b showed 100% Faradaic efficiency, which was due to the
generation of H,. Faradaic efficiency calculated based on amount of charge trans-
ferred through an electrochemical system and amount of reaction happened. In their
work, authors were able to achieve better onset potential compared with the Co-based
molecular complexes. Further comparison with control catalysts nitrogen-doped
graphene and Co-G, single-atom Co-NG catalyst performed much better (Figure 4c),
which clearly indicated the role of N atom graphene matrix. These catalysts were also
tested in alkaline media (1 M NaOH) solution. Single-atom Co-NG catalyst also showed
improved catalytic activity compared with the Co-G, NG, and some of other catalysts
such as MoS, and Ni,P, were found unstable in a base solution (Figure 4d).

TOF is the most important parameter to compare the catalytic activity per
unit active sites. In Co-NG, every single atom considered as the active site and
if contribution from the NG matric ignored, the exchange current density by
Tafel plots, Co-NG showed 1.25 x 10~* A cm™ which is much better than NG
(843 x 1077 A cm ™). To evaluate the stability of the catalyst, accelerated degrada-
tion experiments in both acidic and basic media were carried out. One thousand
continuous cathodic polarization CV curves showed the excellent stability of
the Co-NG compared with the other controlled samples. In addition to the 1000
CV cycles, galvanostatic measurements at a current density of 10 mA cm > were
showed the 35 and 15 mV decrease in offset value after 10 h continuous operation.

2.2 Oxygen reduction reactions (ORR)

ORR is a common relevant process in many electrochemical energy conversion
and storage technologies including the air batteries and fuel cells. In most of the
cases, ORR reaction is carried out in alkaline conditions, because ORR is much more
facile and also provides the high activity in non-noble metal catalyst including TM
oxide, SMACs, and heteroatoms doped nanostructured carbon. ORR reaction also
proceeds with two electrons reduction mechanism in aqueous medium.

Acidic medium:

Direct pathway: O, + 4H" + 4" - 2H,0 E;=123V
Series pathways: O, + 4H" + 4¢” - H,0, E;=0.69V
H202 +2H" +2e” - 2H20 Eo =123V

Alkaline medium:

Direct pathway: O, + 2H,0 + 4™ - 4OH™ E;=123V
Series pathways: O, + H,O + 2™ -» H,0™ + OH™ E;=0.69V
HO,” + H)O +2¢” - 30H" E;=1.23V

Yang and co-workers produced a single Co atom using N doped carbon nanofiber
for ORR application [24]; 1 g of polyacrylonitrile powder was dissolved in 12.5 g of
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dimethylformamide under stirring at 60°C for 2 h. Then, 2 g of 4-dimethylamino
pyridine powder and 150 mg of cobalt acetate were added and stirred further at room
temperature for 2 h. The paste was used to electrospinning at 35°C. The film was
dried under vacuum at 60°C for 12 h and then stabilized by annealing at 250°C for 2 h
in the air. Finally, Co-containing film was heat-treated at 900°C for 2 h under inert
gas condition. As prepared, sample could have bigger Co nanoparticles along with the
single atom embedded in the carbon framework. Samples were treated with the aque-
ous solution of 5 M H,SO,, washed and dried under vacuum at 60°C. The authors also
prepared nitrogen-doped carbon fiber and only carbon fiber for comparison.

TEM imaging (Figure 6A-F), EDX mapping revealed the complete dispersion of
Cobalt in carbon fiber. HAADF-STEM images confirmed the formation of a single
Co atom and there was no signature of bigger Co nanoparticles formation observed
(Figure 6A-F). XANES and EXAFS were used to investigate the local structure of a
single Co atom in the N doped carbon nanofiber. XANES and EXAFS spectroscopy
revealed the formation Co-N bond in a carbon matrix, also conforming to the
existence of a single Co atom [24].

The catalyst was used to find out its ORR catalytic activity in 0.1 M HCIO,
solution and showed an onset potential of 0.82 and 0.70 V versus the reversal
hydrogen electrode (RHE) (Figure 6a). Author found as prepared catalyst showed
good catalytic activity, however it was still lower than Pt/C with an onset potential
of 0.94 and 0.83 V, respectively. In comparison with the other control catalyst, the
catalytic order was CNF < NCNF < Co-N-CNF, which confirmed the important role
of N in the carbon matrix to anchor Co single atom. The catalyst was found stable
in both acidic and basic media, showed high durability (Figure 6c¢), high catalytic
activity and stability (Figure 6f). The half-wave potential of ORR reaction did not
show many changes even after the 10,000 cycles. This is might be due to structural
stability of atomically dispersed Co atom in the N doped carbon network [24].

To further clarify unique effect of single Co atom on ORR activity, authors
prepared Co nanoparticles and N doped CoP-N/CNFs. It clearly showed 34 mV neg-
ative shifts in half-wave potential after 1000 cycles. This is attributed to the stability
of single Co atoms anchored on N atom in carbon framework. Now next question is
what is chemical nature of Co atom attached to N and expected it can be Co-N; as
it was proved multiple times in the case of Fe single-atom catalyst. DFT theory was
used to prove the nature of active sites on the basis of previously reported (transi-
tion metal) TM-N,-graphene (G) model. Figure 7a showed the ion exchange energy
landscapes for the Co-N,-G as well for Fe-N;-G after the adsorption of molecular
and atomic oxygen under acidic conditions. After geometry optimization, O,
absorption energy in parallel and end on a model for Fe-N,-G and Co-Ny4-G respec-
tively (Figure 7a). Structure stability of Co-N4/CNF can be explained on basis of
free energy diagrams of the ORR as showed in Figure 7b. The structural stability
of Co-N,/CNF is further increasing after O, and O adsorption, which could be the
reason for increase in structure stability of the catalyst. Catalyst also showed much
better performance for direct methanol fuel cells with a maximum power density of
16 mW cm 2 for 200 h (Figure 7c). The lifetime test of the passive DMFC showed
a nearly constant cell voltage of 30 V after the discharge of 200 h (Figure 7d),
indicating excellent stability of the electrode. This could be used for a robust fuel
cell application in the future [24].

Li and co-workers reported the synthesis of a single Co atom catalyst with pre-
cise N coordination as superior ORR catalyst [25]. For synthesis, author used Zn/
Co bimetallic MOFs, during the pyrolysis process, Zn can selectively be evaporated
away and remaining have a carbon framework decorated with a single Co atom. In
a typical procedure, Co(NOs); and Zn(NOs), was dissolved in 15 mL methanol and
which was later mixed with 2-methylimidazole in methanol at room temperature.
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Figure 6.

(A) TEM images of fibers, (B) high magnification TEM images of Co-N/CNE, (C) HAADF-STEM images,
(D) EDX mapping, (E) aberration-corrected STEM images, (F) enlarge image of Co-N/CNF (single Co atom
were highlight by orange circle). (a) LSV of ORR on the Co-N/CNF and Pt/C. (b) K-L plots derived from
LSV of ORR. (c) Durability test. (d) LSV of ORR on the Co-N/CNF and Pt/C in basic condition. (e) K-L
plots derived from LSV of ORR. (f) Durability test. (g) STEM images of single nanofiber. (h) Aberration-
corrected STEM images. (i) EDX mapping for Co-N/CNF after a 1000 cycles ADT test (Reproduced with the
permission, 2017, American Chemical Society [24]).

The mixed solution was then transferred to 50 mL hydrothermal lined autoclave
and heated at 120°C for 4 h. As prepared precipitates were then centrifuged and
washed with ethanol several times and dried in vacuum at 70°C for overnight. For
carbonization, as prepared MOF was then heated at 800, 900, and 1000°C for 3 h
under the flow of N; gas. Then heated MOFs were then used directly for electro-
chemical measurement without further treatment.
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Figure7.

(a) Relative ion-exchange energy profile. (b) Relative energy profile of the ORR process of the active sites.
(c) Steady-state polarization curve of passive DMFCs with 4 M methanol at 40°C. (d) 200 h stability test
of a passive DMIFC with the cathode catalyst prepared by Co-N/CNFs at a current density of 20 mA cm™
(Reproduced with the permission, 2017, American Chemical Society [24]).

MOFs were used as a starting precursor for the synthesis because MOF already
has distinguished single metal sites coordinated with the organic ligand. Mixed
metallic MOF used because some portion of Co is in pure Co MOF can be replaced
with the low boiling point Zn atom, which further helps in maintaining the appro-
priate distance between the cobalt atoms in the final carbonized materials. Co load-
ing can be tuned by the changing ratio of metal salt added during MOF synthesis.
HAADF-STEM images revealed the formation of homogeneous Co atom on carbon
support [25].

The special aberration correction spectroscopy and extended X-ray absorp-
tion fine structure techniques have been used to confirm the atomic dispersion
of Co atom anchored by N atom in the carbon framework [25]. ORR activity
of the catalyst was studied using steady-state linear sweep voltammetry (LSV)
on the rotating disk electrode in O, saturated 0.1 M KOH solution. For com-
parison, authors also prepared N doped catalyst by pyrolysis of Zn MOFs. This
showed low ORR activity, exhibits the role of a single Co atom for its excellent
ORR activity. Co-SAs/N-C(900) showed the best ORR activity in comparison
with another catalysts, onset potential of 0.881 V was almost equal to the Pt/C
catalyst (0.811). This was found in correlation with the DFT calculation. KL
plots of Co-SAs/N-C(900) suggesting first-order reaction kinetic. Electron
transfer number has been calculated using the rotating ring-disk electrode
(RRDE) tests, showing the nearly four-electron ORR pathways over the single
Co-N; sites. The kinetic current density (J.) by the Tofel plots at 0.8 V was
around 75 mV dec™". The stability test showed that the catalyst is stable dur-
ing the operational condition, no change noticed in the CV curve even after
5000 cycles.
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Abruna et al. produced structurally disordered intermetallic platinum cobalt
core-shell nanoparticles for ORR activity [26]. They demonstrated Pt-metal
disordered alloy core-shell nanoparticles with ordered Pt;Co intermetallic core and
2-3 layer of Pt shell. These Pt-Co core-shell nanoparticles showed a 200% increase
in mass activity and 300% increase in specific activity when compared with
disordered Pt;Co alloy nanoparticles as well as with Pt/C. The stability test showed
minimal loose of ORR activity after 5000 cycles and core-shell structure was still
found stable under operational conditions. Lin et al. reported the preparation of
a hierarchically porous Co and Fe single-atom catalyst for ORR [27]. In present
work, authors used bimodal template bases synthesis strategy for the large scale
synthesis of porous single-atom catalysts. For synthesis of hierarchically porous
Co-N-C-900 single-atom catalyst, first 2 g D-glucosamine hydrochlorides, ZnCl,,
and CoCl, were dissolved in 20 mL colloidal silica suspension. After stirring for
10 min, whole mixture was then freeze-dried and obtained powder was carbon-
ized under the flow of N, gas at 900°C for 2 h. Silica was removed using 10 wt.%
HF solution for 12 h at room temperature. For comparison, Co-N-C-900 was
synthesized without using ZnCl, and also porous N-C was also synthesized. Silica
was used as a hard template because this creates the porosity in a carbon network
and further use of ZnCl, produced more nanopores in carbon networks. TEM
analysis clearly showed the presence of nanopores of 20 nm size, due to the use
of silica nanoparticles as a template. HAADF-STEM images of catalyst represent
the formation of a single atom in a carbon framework. No bigger nanoparticles
were detected, this is because during HF treatment, it could be possible for bigger
particles to dissolve and only those single atoms remain which are strongly bound
with the carbon framework. Fe single-atom catalyst was found stable against O,
and also found most active compared with Co single-atom catalyst. Optimized
Fe-N-C catalyst showed half-wave potential of 0.927 V in alkaline medium, which
was found even more positive 49 and 55 V than the CO-N-C and Pt/C, respectively.
DFT calculation revealed that Fe-N; sites are more active compared with the CoNy
for ORR because of Fe-N, functional at lower energy barrier for the intermediate
and produced involved.

Sun et al. reported synthesis of a single Co atom embedded in hierarchically
ordered porous nitrogen-doped carbon (Co-SAS/HOPNC) for HER and ORR appli-
cations [28]. Firstly, phenol-formaldehyde resol (Mw < 500) was prepared using
10 g phenol and formaldehyde. For the synthesis of Co-SAS/HOPNC, pluronic F127
and dicyandiamine were dispersed in ethanol and deionized water using magnetic
stirrer, followed by adding a resol ethanol solution. Then vitamin B12 protein was
added to above mixture at room temperature to produce a homogeneous pink
solution. Subsequently, silica template was soaked into the prepared precursor
for 2 h and whole mixture heated at 50°C in an electric oven for solvent evapora-
tion for 8 h. After heating at 100°C for overnight for thermosetting, as prepared
composite was heated at 900°C for 2 h in an Ar atmosphere. To remove the bigger
cluster of Co nanoparticles and silica after carbonization; composite was treated
with the HF aqueous solution for 24 h. As prepared catalyst possessed high surface
area, good conductivity, high isolated Co atom, and exceptional catalytic perfor-
mance. Co-SAS/HOPNC exhibited the half-wave potential of 0.892 V for ORR in
alkaline medium. This was found 53 mV more positive than Pt/C, high tolerance
to methanol and great stability. Co-SAS/HOPNC showed remarkable HER activity
with a turnover frequency of 0.41 and 3.8 s™" at overpotential of 100 and 200 mV,
respectively. DFT theory was proposed to explain the nature of single Co site. Co-N,
was found an active site for this dual character, three-dimensional porous carbon
networks; accessible highly active Co-N; sites synergistically contribute the excel-
lent catalytic performance.
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3. Conclusions and future directions

Single-atom catalyst has established a connection between homogeneous and
heterogeneous processes. A single atom catalyst can be better than a homogeneous
catalyst because it is easy to recover at the end of the process and equal catalytic
activity. Single-atom catalyst can have many fascinating characteristics such as
maximize the atomic efficiency, a high activity like a homogeneous system, and
selectivity. A single-atom catalyst has been proved to be a very efficient and power-
ful catalyst for various applications including the ORR, OER, HER, CO, conversion,
and organic transformation. Significant progress is made to understand the catalyst
preparation, characterization using advanced techniques and mechanism interpre-
tation using experimental data and theoretical models.

The microenvironment of a single atomic site needs to investigate more in detail,
in situ spectroscopy technique can be utilized to study the active site in operation con-
dition, and a specific reaction mechanism can be proposed [29]. It can be understood
from literature, the interaction between the metal single atom and support is neces-
sary to stabilize a single metal atom. If we can manipulate these interactions, it can
tune the catalytic activity, stability, and selectivity for multiple catalytic applications.

MOFs are the fascinating precursor for single metal atom catalyst design. Multi-
metal MOFs can also use for the synthesis of multi-metallic single atom hetero-
geneous catalyst to utilized the one catalyst for numerous applications [30]. To
further change the catalytic phenomena of a single metal catalyst, two-dimensional
materials such as MXenes, MoS,, HBN, black phosphorus, and many more support
materials can be successfully explored for the synthesis, industrial, and environ-
mental applications [31].

Porous metal oxide support for the preparation of a single-metal atom catalyst
can be also utilized and use for organic transformation, gas phase, and electrochem-
ical applications. Although porosity of metal oxide support is an issue, however
two-dimensional metal oxides can be utilized for single-atom catalyst preparation
[32]. Silica (mesoporous spherical or nanosheets) can be a good support for the
single-atom catalytic application, however, it needs to be explored further [33, 34].
Non-conducting and passive nature of silica might a problem for single-atom cata-
lysts. Porous carbon nanocage using KCC-1 as a hard template was used to prepare a
three-dimensional accessible surface carbon sphere [35]. Same carbon morphology
can be utilized for the preparation of mesoporous carbon-based SAMCs for vari-
ous applications. Figure 8 is demonstrating the overall picture of different ways of
single-atom catalyst preparation and their utilization in various applications.

Recently, metal-air batteries have been received to consider a potential candidate
for future energy storage materials due to their theoretical high energy density, excel-
lent safety, and abundant TM resources. Typically, metal-air batteries’ performance
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Figure 8.
General discerption of SMACs, method of preparation, support used and applications.
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depends on two catalytic reactions ORR and OER, both occurring on porous cathode

surface [36-38]. Due to the unsaturated characteristic of SMACs and its catalytic
activity can be utilized to make more highly efficient and cheap metal-air batteries.
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Abstract

Lanthanum cobaltite (LaCoO;) perovskite-type oxide is an important conduc-
tive ceramic material finding a broad range of technical applications. Physical and
chemical properties of the final lanthanum cobalt oxide powder material obtained
are strongly dependent on the method of preparation. Taking in account these
considerations, we focus our investigation on the solid state reaction process.

The characterization of prepared lanthanum cobalt oxide material was studied

by using X-ray diffractometry (XRD), scanning electron microscopy (SEM),
thermogravimetry-differential scanning calorimetry (TG-DSC), and conduc-

tion properties. Following the experimental results, it can be concluded that with
proper improvement, the solid state reaction process may also provide an efficient
preparation method for perovskite-type LaCoO; powder. Important to mention is
that we looked into the aspects to produce again same which showed consistently
reproducibility of batch to batch powder properties. This is a key factor to overcome
a successful commercialization of new material synthesis development.

Keywords: perovskite, LaCoOs;, oxide powders synthesis, solid state reaction

1. Introduction

The continuous interaction between structure and properties allows several
intrinsic properties of perovskite materials to advance a very broad range of practi-
cal applications. These oxides are being increasingly applied to electronic and mag-
netic materials [1-3], automotive exhaust and water splitting catalysts [4, 5], and
electrode materials for fuel cells and batteries [6, 7]. Among these perovskites, the
cobalt-based type LaCoO; perovskite ignited interest in the research since the early
1960s [8, 9] and continues to be the material of the moment. LaCoO; perovskite
has been shown to have promising catalytic activity for oxygen evolution reaction
(OER) [10, 11]. Lanthanum, La, is a relatively large cation and gives structural
stability to the catalyst. Rare-earth oxides with full or partially filled inner shells of
lanthanide ions would involve the 4f electrons. The 4f electrons contribute to the
density of states around the Fermi level, and degenerate strongly, the bandwidth is
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narrow and steep. The presence of La*>* with no 4f electrons is beneficial because
the electrical conductivity increases and the effective mass decreases [12].

Cobalt, Co, cation, a transition metal with smaller size than La cation, is respon-
sible for catalytic activity. In its compounds, cobalt nearly always exhibits a +2 or
+3 oxidation state, although states +4, +1, 0, and —1 are also known [13]. The outer
electrons of the element are either in the 3d or 4s subshell. Cobalt chemistry is dom-
inated by the behavior of the 3d electrons. Oxidation state of Co helps the LaCoO;
catalytic activity for OER which can be associated with Co* oxidation state. Co®*
active sites by absorption of HO™ may act as reactants for OER [14]. Electrocatalysis
at room temperature, in correlation to the fundamental electronic structure, is still
not fully clarified. For Co;04 with the band gap of 1.9 eV and LaCoO; with about
0.8 eV, the resistivity is 10* and 10 Qcm, respectively [15, 16].

On the other hand, crystallographic structure is important for the functional
properties of the oxides. For perovskite, the ideal cubic structure goes through dif-
ferent structural distortions due to the ionic radii differences.

The equation determined by Goldschmidt correlates crystal structures geometri-
cally in terms of the ionic packing using the Goldschmidt’s tolerance factor t. For
a stable perovskite structure, the tolerance factor should have values between 0.75
and 1; otherwise, the ideal cubic structure is a distorted structure. Mathematical
expression involving the unit cell length ratio, here ry,, rco, and ro, is the ionic radii
for La, Co, and O respectively; t is given as:

(TLa + I'o)
= 1a7°0) 1
V2 (tco + To) @

Taking in consideration the Shannon crystal ionic radii for all ions along with
their coordination numbers [17], the calculated tolerance factor of LaCoOQs is 0.97
for Co®* and 0.905 for Co™".

Experimentally, by neutron diffraction technique, the change of lattice param-
eter with temperature has been observed when the lattice length and angle become
longer and smaller, respectively, when temperature increases [18].

The crystal structure of LaCoOs, as shown in Figure 1—La atoms, in blue, at corners;
O atoms, in red, on face centers; and Co atoms, in green, at the center of the lattice—is
arhombohedron having R3c symmetry at room temperature. This is considered as the
most stable: LaCoO; structure up to around 1698 K when the crystal is cubic [19].

Not only the temperature but also the oxygen partial pressure of environments,
p(0,) leads the LaCoO; to a wide range of oxygen deficiency represented by the
formula LaCoOj;_s with & being the oxygen deficiency. It is observed that moderate
oxygen deficiency in LaCoO; 5 causes a slight distortion of the ideal cubic structure
which is rombohedral [20].

Since the structure-properties relations are strongly dependent on the prepara-
tion method, a lot of interest is focused on their synthesis which ultimately deter-
mines its potential applications.

The aim of this research is to explore the possibility to improve the solid state
preparation method for obtaining LaCoOj; micro- and nanocrystals, which may
contribute to the development of a large-scale production route of LaCoO; with
controlled properties.

Numerous routes to prepare perovskite powders have been proposed. These
address various problems involved in the preparation of polycrystalline perovskite
powder with single phase, resulting in various microstructures and properties.

Among the adopted techniques, solid state reaction [21], mechanochemical
processing [22], Pechini method [23], combustion synthesis [24], sol-gel method
[25], and microwave route [26] are widely used.
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Figure 1.
The crystal structure of rhombohedral LaCoO;,

Despite these various methods, some technological applications are still limited
for LaCoO; compounds. Therefore, knowledge of the preparation conditions and
optimization of the technical parameters are key challenges.

The advantages like low temperatures used during processing of wet preparation
routes lead to oxide perovskite powders with high-purity nanoparticles. However,
these techniques cannot achieve full industrial potential. For instance, major
drawbacks of these methods are the high costs of raw materials, the large quantity
of gaseous by-products and waste products such as nitrates, acetates, and additional
chelating agents used as precursors. The use of such materials requires elaborate
systems for gas collection and storage since the by-products are poisonous. Their
significant toxicity is not environmentally friendly, making it not sustainable for
large-scale applications. In addition to that, these methods involve many stages
during the synthesis process. One way to circumvent that is to seek solutions for
adapting clean processing routes to specific needs of the products without alter-
ing the physical and chemical properties of the resulting powders. For instance, if
particle-size distribution is not especially required for certain applications, solid-
state synthesis route has superior advantage over wet processing routes owing to
its simplicity, less equipment requirements, and ease of scaling up for industrial
production.

The elimination of wet processing for perovskite powder preparation means that
products will cost less both ways, to produce as well to buy, and have an impor-
tant economic advantage. In addition, by mixing dry powdered precursors in the

93



Cobalt Compounds and Applications

stoichiometric ratios followed by heating to obtain the desired reaction product, at
the end of the reaction, there is no waste to dispose. In this way, the method is also
environmentally friendly.

The overall price of oxide perovskite powders is strongly influenced by the indus-
trial production route. Solid state reaction technology is resource- and energy-saving.
The processing route allows one to obtain the reaction products readily in one step by
using less expensive precursors, without waste products. The upscale of solid-state
synthesis route resumes to batch production. This is different from flow processing
which is a continuous production technique that has inflexibility to adjust if the case.
Additionally, the absence of waste and by-products is another major positive aspect
regarding the environmental impact of the entire production process. This is why we
consider this method useful for both environmental protection and industrial use.

In solid state reaction, rates are typically diffusion-limited; consequently,
decreasing the diffusion distances through intimate mixing of reactants possibly
contributes to overcome the diffusion barrier in addition to high temperature dur-
ing the thermal treatment. The characteristics of the starting materials impact the
area of contact between the reacting particles with influence of the rate of reaction.

During the heating regime, a non-isothermal transformation takes place, and
during the dwell regime, an isothermal transformation takes place. A significant
kinetic parameter for studying the phase transformation of precursors is the activa-
tion energy E,, representing the energy barrier for atoms and molecules to move
and rearrange. For a given differential scanning calorimetry curve with the heating
rate 3, one observes the maximum reaction rate at the peak temperature T.

In this study, the kinetic parameters of solid state transformations are determined
from the maximum reaction rate at the peak temperature T. For a set of differential
scanning calorimetry curves under a constant heating rate, the kinetic transforma-
tion is described with the mathematical expression of Kissinger Eq. 2 [27]:

Inp
d(TZ) E ()

i@

where f is the heating rate, E, is the activation energy, T is the absolute tempera-
ture corresponding to maximum process rate, and R is the gas constant.

For the processing the choice of dwell temperature was taking in account
Tammann’s temperature described as the temperature above which its constitutive
cations become mobile so that their bulk diffusion is possible [28, 29].

The electrical conduction phenomenon in perovskite materials is very important
since many properties depend on it. There is a strong correlation between the electri-
cal conductivity of the materials, temperature, and the nature of the sample analyzed.

In bulk materials, two types of conductivity phenomena occur: long-range
conductivity and localized transport oxygen vacancies. The conduction mechanism
can be ionic, electronic, or both. The proportion of ionic to electronic conduction in
the materials varies upon temperature and the purity of material. The variation of
electrical conductivity with temperature is explained by Eq. (3):

-E -Ea

G = AexpKT + Bexp kT 3)

Eq. (4) describes the phenomena at higher temperatures where the intrinsic
conduction process dominates.

,EJ

6 = AexpkT “)
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For both equations, E, and E, are the activation energy for the intrinsic and
extrinsic conduction processes, respectively, A and B are constants, T is the absolute
temperature, and K is the Boltzmann constant.

2. Experiment
2.1 Material preparations

The formation of the perovskite phase via solid state reaction was done under
controlled rates for heating and cooling as well as for the dwell of thermal treatment.
A 2°C/min rate of heating and cooling was selected. Preparatory trials were carried
out in order to find the suitable temperature for dwell covering 600-1000°C.

Equimolar quantities of La,0; and Co;04 powders from Aldrich, with >99.8%
purity, were mixed and ground thoroughly in agate mortar. The mixing was done
with isopropanol from Chimopar SA, purity >96%. For the thermal treatment, the
powder in alumina crucibles was placed in chamber furnace. Once the powder was
synthesized, compacted ceramics were prepared by uniaxial pressing technique.
After this, they were submitted for sintering. Similarly, preparatory trials were
performed to find out the proper sintering thermal treatment.

2.2 Materials characterization

The crystalline structures of the prepared powders were characterized by heating
in chamber furnace, environmental air atmosphere, at 50°C increments, making X-ray
diffraction measurements. A MiniFlex 600 Rigaku analyzer was used. 20 scans were
recorded between 5 and 90° and a speed of 1°/min, with resolution of 0.1°/step. The
as-obtained reflexion patterns are indexed by using the Inorganic Crystal Structure
Database (ICSD). Lattice constants and quantitative values for the identified phases
are obtained from the fit to the corresponding X-ray diffraction spectra by using the
PDXL powder diffraction analysis package from Rigaku. The microstructure and
morphology of the as-prepared powders were examined using a scanning electron
microscope VP CARL ZEISS (Field Emission Scanning Electron Microscope—
FESEM) with LaBg cathode enabling 2-nm resolution. Specimens of powders were
prepared by depositing it on a conductive carbon-based double-faced adhesive tape.
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
measurements were carried out on precursors and their equimolar mixture using STA
449 F5 Jupiter® from NETZSCH-Gerdtebau GmbH. The instrument is equipped with
Proteus® software to carry out the measurement and evaluation of the resulting data.
The DSC/TG curves are recorded up to 1273 K, with a heating rate of 10 K/min.

The analyses of electrical properties of the sample were carried out from 133
to 513 K using Alpha-A Novocontrol Technologies Novocontrol GmbH analyzer in
conjunction with a continuous nitrogen flow cryostat.

3. Results
3.1 Thermal behavior

Thermal analysis results of precursors, Figure 2, indicate that Co;0, powder,
in red color, is stable below 1023 K while La,0; powder, in black color, exhibits

several steps of mass loss during the heating regime. La,0; precursor features three
weight-loss regions. The first, a gradual weight loss not shown here, is related to
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the dehydration of free and physically absorbed molecular water and structural
water from the precursor powder. The second and third regions, more pronounced,
are associated with the dehydration process from La(OH); to La,0; via LaOOH™,
according to the chemical reactions described by Egs. (5) and (6), respectively:

La(OH); » LaOOH +H,0 (5)

2LaOOH_ - La203 + Hzo (6)

The total percent weight loss is around 1.88%. The first step, not shown here, of
weight loss was 0.04%. The next steps correspond to the decomposition of La(OH)s3.
The weight loss in following step was around 0.87%, and in the third step was 0.98%.
However, it is well known that La(OH); can react relatively fast with the water of the
atmosphere to form hydroxyl phase [28]. The corresponding endothermic peaks on
the differential scanning calorimetry curve appeared at 581 K and 910 K respectively.
The corresponding areas are —23.44 and —15.34 pVs/mg, respectively.

The mixture of Co;0, and La,O; powder precursor, as can be seen in Figure 3,
has a weight-loss step, associated with the presence of the La,0; and after 1023 K,
an endothermic event is detected around 1073 K. Previous studies have found
similar features [30]. This is attributed to the ongoing dehydration of LaO(OH) and
formation of LaCoO; from a solid state reaction of lanthanum and cobalt oxides,
following Eq. (7):

La, 03 + Co304=>LaCo03 @)
No significant thermic effect was registered at higher temperatures. The cor-

responding endothermic peaks on the differential scanning calorimetry curve
appeared at 1073 K and the area of —147.7, —36.58, and —48.09 pVs/mg, respectively.
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Figure 2.
Weight-loss % diagram for Co;0, powder, in red colov, and La,O; powder, in black color.
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Figure 3.
DSC-TGA plot of Co;0, and La,O; precursor powders in mixture.

The kinetic analysis of phase change for a series of non-isothermal tests,
Figure 4, is applied to estimate the activation energy. This analysis was performed
for third observed exothermal reaction from differential scanning calorimetry
data of phase transformation process. The peak temperature T depends on the
evolution of the sample with the heating rate. The dynamic heating rate influ-
ences the observed peak temperature T of thermal events. These correspond to
the variations of growth and phase change rate with temperature. The new phase
formation rate depends on temperature and is independent of time. It is observed,
in this reaction, the peak temperature has the tendency to slightly shift to the
higher temperatures as the heating rates increase.

For polycrystalline reactants, the kinetic process depends on factors like
particle size and shapes of the reacting particles, overlapping effects during
the formations of the new phase, etc. Solid state reactions are complex and the
evaluation of kinetic parameters is helpful for the development of approach-
ing the preparation. In this evaluation, we made the assumption of first order
of reaction. From the plot of rate of reaction In(f/ T?) versus the reciprocal of
absolute temperature, Figure 5, of as-mixed Co;04 and La,0; powder precursors,
an E, = 223 kJ/mol is obtained, which seems to be in good agreement with earlier
results reported [31].

3.2 X-ray diffraction investigation

The analysis of X-ray diffraction pattern corresponding to unmixed and mixed
precursors as function of temperature treatment is shown in Figure 6. In the
lowest position of the diagram, the unmixed La,0; and Co;04 powder precursors
are displayed. Going up in the diagram, the mixture of La,0; and Co;04 powder
precursors at room temperature is indicated. The La,0; powder precursor is tetrago-
nal La,0; (space group P-3m1) witha = b = 3.933 A and ¢ = 6.132 A [32]. Traces of
hexagonal La(OH); (space group P63/m) are detected. The corresponding lattice
constant valuesarea = b = 6.529 A and ¢ = 3.859 A. Co;0, powder indicates that the
precursor is single-phase, with cubic crystal symmetry (space group Fd-3m) [32].
The lattice constant value obtained from fit to data is a = 8.038 A.
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Upon thermal treatment, which is done to favor the formation of end products
of perovskite of LaCoOs, the X-ray diffraction patterns show the formation of the
perovskite phase. The XRD data confirm the perovskite LaCoO; phase is converted
upon heat treatment starting at 1023 K, growing progressively with increasing
temperature up to 1273 K. This is followed by a gradual smoothing of the peak
intensities of the precursor phases. The resulting powder can be indexed on the
basis of a rhombohedral unit cell; the peaks around 26 = 33.12° are bifurcated,
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Figure 4.

Differential scanning calorimetry curves of as-mixed Co,0, and La,O; powder precursors at different heating
schedules.
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Figure 5.
Variation of In(p/T°) plot for a set of differential scanning calorimetry scans with different heating rates.
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which is the characteristic peak for the rhombohedral structure and confirmed by
the experimental X-ray results as well as previous studies [33, 34].

The prepared LaCoO; has trigonal crystal symmetry space group R-c3
[35, 36]. The lattice constant values obtained from fit to dataarea = b = 5.444 A and
c=13104 A.

The average particle size is calculated from the XRD pattern using Debye and
Scherrer formula, Eq. (8):

_ KA\
d= B cosO (®)

where K = 0.94 is the Scherrer constant, A is the wavelength of the X-ray
source used, f is the full width at the half maxima, and 6 is the Bragg

diffraction angle.
The result obtained for the average crystallite size by Scherrer’s equation is 294 A.
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Figure 6.
Room temperature X-vay diffraction patterns of un/mixed La,0; and Co;0, powder precursors and LaCoO,

powders accovding to the thermal treatment.
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3.3 Microscopy analysis

Scanning electron micrograph of LaCoO; powders obtained by solid state
synthesis at 1273 K is displayed in Figure 7. The perovskite LaCoO; powders
obtained consist of pre-sintered conglomerates of grains. The agglomeration
tendency is due to the high calcination temperature employed to obtain the single
phase. The reaction product has well-defined shape and less uniform grain size
distribution. The high-temperature calcination results in severe agglomeration.
The sintering of many crystallites during high thermal treatment resulted in the
larger grains, which are polycrystals. The grain limits and triple junction points
are well defined.

3.4 Electric properties

In Figure 8, we show the electrical conductivity of our polycrystalline pellets
pressed and sintered at 1173 K. Greater conductivity differences are noticed to
depend on the temperature. The tendency of LaCoO; electrical conductivity is to
increase when temperature is rising. This behavior of electrical conductivity in
relation to the temperature indicates the process is thermally activated, which is
characteristic for semiconductors. For our LaCoO; sample, semiconducting behav-
ior appears at temperatures above 353 K, whereas metallic behavior was observed at
temperatures below 353 K. This is in accordance with the previous statements that
LaCoO;s is ionic at elevated temperatures. The electrical conductivity is p-type for
both ambient and elevated temperatures. With semiconductors, there are insuf-
ficient mobile carriers at low temperatures and resistance is high; but, as we heat
the material, more and more of the lightly bound carriers escape and become free
to conduct. Electrons are excited over the band gap and occupy energy levels in
conductivity band whereas holes are created in valence band. The band gap in the
metal is small and the electrons can easily jump to conduction band. For the metal-
lic behavior with increasing temperature above absolute zero, the flowing electrons

Figure 7.
SEM micrograph of LaCoO; powder.
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will run into the atoms in the lattice. This will cause the atoms to move slightly out
of their lattice sites and to interfere with electrons that travel freely. Effectively,
they start to block electrons on their path, causing electrons to scatter. The change
in slope of the conductivity-temperature plot is assumed to be the onset of ionic
conductivity. LaCoO; is a mixed conductor with contributions from ionic conduc-
tivity and electronic conductivity.
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Figure 8.
LaCoO; total conductivity o depending on absolute temperature in (a) and Inc depending on absolute
temperature in (b).
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Variation of the electrical conductivity with temperature obeys Arrhenius
formula, Eq. (9), and is calculated based on the following:

6 =0 exp(kﬁf) )

where oy is the pre-exponential factor, E, is the activation energy, K is the
Boltzmann constant, and T is the absolute temperature. The activation energy of
the electrical conductivity was found to be E, = 74 kJ/mol.

For the undoped LaCoO; oxide, the oxygen non-stoichiometry is considered to
determine the carriers for the conduction phenomena. This is believed to be caused
by the oxygen elimination with increase in the temperature (Figure 9).

The Kroger-Vink set of conventions are used to describe electric charge and
lattice position for point defect species in crystals. The following ions and vacancies
are used: La**, Co**, Co>*, Co**, O, oxygen vacancies. Making use of these in Eq.
(10), the defect equilibrium between the charge species and oxygen partial pressure
can explain the increase of partial pressure of oxygens:

2Co8, + 0% =V +2Co%, + %oz () (10)

where Co¥, - Co™, Co®, - Co’" and 0% - 0~
Eq. (11) expresses the charge disproportion defect as follows:

2Co* & Co* + Co™ (11)

When a voltage is applied to our sintered LaCoO; sample, a current flow is
observed. At a given temperature, the type of charge carrier species is not defined.
Because of this, it is useful to depict the conductivity dependence on temperature.
The existence of ions is assured by definition, mixed conductors being ionic
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Figure 9.
Variation of dc conductivity (o) with inverse of absolute temperature for LaCoO;.
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compounds. lonic defects have their most pronounced effect on transport proper-
ties, which are ionic conductivity and diffusion. For LaCoOs; samples, the oxygen
vacancies are the mobile ionic defects.

4, Conclusions

In this study, we successfully used solid state synthesis as a dry method for
preparation of rhombohedral lanthanum cobaltite LaCoO; perovskite-type oxides.

The solid state synthesis process is thermally activated and requires high temper-
atures. The X-ray diffraction analysis suggests that LaCoOs; phase nucleates readily at
973 K. The formation of LaCoOj; occurs gradually with increasing temperature, at the
expense of precursors’ consumption. At 1273 K, the reaction is essentially complete.
Thermal analysis suggests that the reaction is accompanied by reversible transfor-
mation of La(OH)3 into La,0;, which is a native surface phase of the oxide phase.
The reaction kinetics is strongly mediated by Co;O,4 transformation. Co;0, starts to
transform before its decomposition temperature. The overall electronic transport
properties exhibited by the prepared powders are typically ionic at elevated tempera-
tures (above 353 K) and are mediated by presence of oxygen vacancy.

The interrelationship between structure and properties is a key element of
materials science and engineering. Thinking of the variety of oxide perovskite
materials, each particular application is based on a certain functional property
of the material. Most macroscopic properties observed in bulk (e.g., crystalline
quality, ionic conductivity, density, etc.) are the consequence of the constituent
particles’ properties of the material. For applications, it is essential to know the
relation between material microstructure and the macroscopic properties in order
to adjust its performance to more specific requirements and also to keep the fabrica-
tion costs low. Properties like ionic conductivity, for example, make the perovskite
material promising to be used as a solid electrolyte for solid oxide fuel cells (SOFC).
Similarly, ferroelectric and piezoelectric behaviors lead to potential applications for
thermistor, actuator, and piezoelectric transducers, and the property of supercon-
ductivity to superconductors.

We consider this method to be beneficial for both environmental protection and
industrial applications because it does not have by-products or waste at the end of
the reaction and the precursors are not expensive. In addition to this, an important
advantage of this method is the sustainability to scale up the process. We recom-
mend this for batch production which allows flexibility to adjust the process as
required for a specific application. There is no need for additional facilities to collect
the gaseous by-products or the waste to collect it and dispose it.

With appropriate optimization, this method we applied to LaCoO; can be
applied to other perovskites; the synthesizing parameters like reaction time and
temperature should be obtained by exploration as performed with the recipe
presented in this chapter.

We conclude the present work stating that using this conventional method
as solid state reaction allows obtaining highly single-phase LaCoO; powders for
applications and uses of advanced functional materials.
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