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In this research, co-precipitation method was used to prepare pure AgFeO2 

and AgFe1-xMxO2 (M = Co and Ni) nanoparticles where x = 0.00, 0.05, 0.10, 0.15, and 

0.20. To investigate the crystal structure and morphology of the produced        

AgFe1-xMxO2 nanoparticle, the techniques of X-ay diffraction (XRD), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) were employed. By 

utilizing X-ray absorption spectroscopy and X-ray photoelectron spectroscopy (XAS 

and XPS) techniques, the valence state and elemental composition were calculated. 

Through the BJH and BET methods, the technique of gas adsorption was utilized to 

examine pore volume, pore size distribution and specific surface area of the obtained 

samples. The impact of varying calcination temperatures and the substitution of Co 

and Ni ions in AgFeO2 nanostructures was examined to assess their influence on the 

electrochemical performance of AgFeO2 nanostructures. For all the samples, the 

electrochemical performance was conducted on a three-electrode system through 

CV, EIS and GCD methods in a 3M electrolyte. 

The results of XRD and TEM show that all the prepared AgFe1-xMxO2 

nanoparticles contained the mixing phases of the rhombohedral 3R-AgFeO2 and 

hexagonal polytype 2H-AgFeO2. For the study of Co and Ni-doped AgFeO2 

nanostructures, there are no indications of impurity phases like metallic nickel, NiO, 

metallic cobalt, CoO, Fe2O3, or CoFe2O4 spinel. These impurity phases typically form 

under condition similar to the synthesis of AgFeO2. The absence of cobalt and nickel-

related phases suggests that cobalt and nickel ions might substitute iron ions within 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and significance of the study 

Recently, there has been an increase in global energy demand. With 
environmental concerns such as global warnings, renewable energy sources become 
a good choice. Energy storage and conservation have become candidates for 
harvesting and regulating renewable energy from solar, wind, and tide sources. 
Among all energy storage technology, supercapacitors have gotten attention because 
they have a high power density (Figure 1), long life use, and quick charge/discharge 
process when compares to batteries (Béguin, Presser, Balducci, and Frackowiak, 
2014). They are used in various applications, including portable devices, hybrid 
electric vehicles, and other domestic applications. 

 
 

 

 

 

 

 

 

 

 

Figure 1.1 A comparison graph of energy storage technology of Ragone plot between 
specific energy and specific power (Adapted from (Guo, Gupta, and Teng, 2018)). 
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In general, there are two types of supercapacitors i.e., pseudocapacitors and 
electrical double-layer capacitors (EDLCs). Carbon materials, such as graphene and 
porous carbon are developed for the EDLCs electrode. EDLC is an energy storage 
device that stores electrical energy by separating positive and negative charges at the 
interface between a porous electrode and an electrolyte.  Basically, the disadvantage 
of EDLCs is low power density. Compared with EDLCs, the pseudocapacitors showed 
much higher specific capacity and power density (Okashy, Noked, Zimrin, and 
Aurbach, 2013). Therefore, the development of electrode materials with high 
electrochemical performance for pseudocapacitors is required. Hydroxides and 
oxides of transition metal have unique crystal structures and multiple oxidation 
states that enable quick redox/intercalation reactions at their interface exhibiting 
good performance as pseudocapacitor electrodes. There are many materials used as 
the pseudocapacitors electrodes such as RuO2 (Hu and Chen, 2004; Kim and Kim, 
2006), MnO2 (Brousse, Toupin, and Belanger, 2004; Pang, Anderson, and Chapman, 
2000; Yang, Wang, Xiong, and Xia, 2007), Fe2O3 (Yu et al., 2010), MnCo2O4 (Kalawa, 
Kidkhunthod, Chanlek, Khajonrit, and Maensiri, 2019; Kalawa, Sichumsaeng, 
Kidkhunthod, Chanlek, and Maensiri, 2022), Bi2O3 (Gujar, Shinde, Lokhande, and Han, 
2006), Fe3O4  (S.-Y. Wang, Ho, Kuo, and Wu, 2005), V2O5  (Lee and Goodenough, 1999), 
In2O3  (Prasad, Koga, and Miura, 2004), Bi2WO6 (Nithya, Selvan, Kalpana, Vasylechko, 
and Sanjeeviraja, 2013), SnO2  (Prasad and Miura, 2004), Co3O4  (Gao, Chen, Cao, 
Wang, and Yin, 2010), NiO (Nam, Yoon, and Kim, 2002; Zhao, Zhang, Liu, Zhang, and 
Liu, 2013),  etc. Among them, iron oxides have been interested in for use as 
supercapacitors electrode materials due to their three main points: (I) iron has rich 
chemical redox (Fe0/Fe3+, Fe2+/Fe3+, Fe0/Fe3+, Fe3+/Fe4+, etc.) and multiple oxidation 
states (Fe4+, Fe3+, Fe2+, Fe0+, etc.), enabling them the high capacity (Qu, Yang, and 
Feng, 2011). (II) They are non-toxic and more environmentally friendly (M.-S. Wu and 
Lee, 2009). (III) Iron oxides are earth-abundant and low-cost, which are worthy of 
being chosen for commercial applications (Shivakomara et al., 2013). In recent years, 
the oxides of mixed transition metals of iron such as AgFO2 (Berastegui, Tai, and 
Valvo, 2018; Farley, Marschilok, Takeuchi, and Takeuchi, 2011; Singh, Mondal, Rath, 
and Singh, 2021) have been studied as energy storage electrode materials due to 
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their less toxic, inexpensive, environmentally friendliness and good electrochemical 
properties.  

This study focuses on developing of high-performance supercapacitor electrode 
materials. The co-precipitation approach was used to create pure AgFeO2 and AgFe1-

xMxO2 (M = Co and Ni) nanoparticles. This method is a simple synthesis, that 
significantly saves time and energy consumption over other approaches including 
solid state, hydrothermal and sol-gel. The effects of Co and Ni-doping and 
calcination temperature in AgFeO2 nanoparticles on the electrochemical properties 
were examined. The techniques of SEM, XRD, and TEM were employed to determine 
the morphology and structure of the synthesized AgFeO2-based nanoparticles. The 
nitrogen gas adsorption technique was utilized to examine the porosity and specific 
surface area of the AgFeO2-based nanoparticles. The oxidation state and elemental 
composition of the synthesized AgFeO2-based samples were examined using XAS and 
XPS techniques. The working electrodes will be investigated for electrochemical 
properties by the techniques of CV, GCD and EIS in the electrolyte of 3 M KOH. 

1.2 Research objective 

1.2.1 To prepare pure AgFeO2 and AgFe1-xMxO2 (M = Co and Ni) nanoparticles  

by a co-precipitation route. 

1.2.2 To characterize the synthesized pure AgFeO2 and AgFe1-xMxO2 (M = Co   
and Ni)  

nanoparticles. 

1.2.3 To investigate the impact of calcined temperature on the electrochemical 
performance of AgFeO2 nanoparticles. 

1.2.4 To examine the electrochemical performance of the synthesized  

 AgFe1-xMxO2 (M = Co and Ni) samples. 
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1.3 Scope and limitations 

1.3.1 This work looks into the preparation of pure AgFeO2 and AgFe1-xMxO2       
(M = Co and Ni) nanoparticle by using a co-precipitation method with x = 0.05, 0.10, 
0.15, and 0.20. 

1.3.2 The morphology, local structure and microstructure of AgFeO2-based 
nanoparticles are studied by XRD, SEM, TEM, XAS, XPS, and gas absorption 
techniques.  

1.3.3 The influence of calcined temperature on pure AgFeO2 nanoparticle 
electrochemical performance is investigated by varying the calcined temperature at 
100, 200, 300, 400, and 500°C.  

1.3.4 The electrochemical properties of AgFe1-xMxO2 (M = Co and Ni) 
nanoparticles are studied via GCD, CV, and EIS and compare with those of pure 
AgFeO2. 

1.4 Locations of the research 

1.4.1 The Center for Scientific and Technological Equipment, Suranaree 
University of Technology, Nakhon Ratchasima, Thailand. 

1.4.2 Advanced Materials Physics Laboratory (AMP Lab), School of Physics, 
Institute of Science, Suranaree University of Technology, Nakhon Ratchasima, 
Thailand. 

1.4.3 Synchrotron Light Research Institute (Public Organization) (SLRI), Nakhon 
Ratchasima, Thailand. 

1.5 Expected results 

1.5.1 Having the skill of preparation of pure AgFeO2 and AgFe1-xMxO2 
nanoparticles. 

1.5.2 Gaining a well understanding of the structure and morphology of     
AgFeO2-based nanoparticles such as particle size, crystallography, oxidation state, 
and porosity. 
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1.5.3 Improving the electrochemical performance of nanoparticles for using as 
the supercapacitor electrode and give a good explanation of the influence of the 
calcined temperatures on the electrochemical properties of AgFeO2-based 
nanoparticles. 

1.5.4 Gaining experience in the fabrication of the AgFeO2-based nanoparticles 
electrode and measurement of their electrochemical properties. 

1.5.5 Publication in International ISI journals. 

1.6 Thesis structure 

There are five chapters in this thesis. The first chapter serves as the introduction 
and provides an overview of the research conducted. In the second chapter, Chapter 
II, relevant literature reviews are presented, covering topics such as the basics of the 
normal capacitor, electrochemical capacitor or supercapacitor and the AgFeO2 
structure and the electrochemical performance. The third chapter focuses on the 
fabrication and characterisation of AgFeO2-based nanoparticles, along with the 
inclusion of electrochemical measurement. The obtained results from this research 
and subsequent discussion are presented in Chapter IV. Finally, Chapter V concludes 
the dissertation by summarizing the findings and providing suggestions for future 
research endeavors.     

 

 

 

 

 

 

 

 



 
 

CHAPTER II 

LITERATURE REVIEWS 

 

2.1 Conventional capacitor 

A conventional capacitor or an electrostatic capacitor is a passive component of 
electronics which can store and release the energy of electricity. It is made up of two 
conductive plates separated by a dielectric. The conductive plates are typically 
made of metal and referred to as the conventional capacitor electrode. When 
provide a voltage difference across the plates, negative and positive charges 
accumulate on each plate. Between the material of dielectric and the plates, the 
accumulation of charge produces an electric field, preventing the charge from 
flowing directly across. The traditional capacitor stores the energy of electricity in an 
electrostatic field form. 

The basic idea is that the capacitor may store electrical energy in an electrical 
field formed by the buildup of charges on its electrodes. Based on Gauss’s law, a 
capacitor's electric field (𝐸) between its plates is directly proportional to the charge 
(𝑄) therein and inversely proportional to the separation (d) between them. 
Mathematically, this relationship can be expressed as: 

                                            𝐸 =  ொ
ఌబ

                                                     (2.1) 

where 𝐸 is the strength of electric field, 𝑄 is the charge on the plates, 𝜀 is the free 
space permittivity of (a fundamental constant) and A represents the plates surface 
area. 

Basically, the value of capacitance (𝐶) of a capacitor, measured in farad (F), 
determines its ability to store electrical energy. It depends on several factors, 
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including the distance between the plates, the properties of dielectric material and 
the surface area of the plates. Capacitors with larger surface area of the plate, 
smaller plate separation distances and high permittivity dielectric have higher 
capacitance values. The Equation that uses to determine a capacitor's capacitance 
(C) value is as follows: 

                                                          𝐶 =  ொ


                                                       (2.2) 

where 𝑉 is the difference in potential between two electrodes and 𝑄 is the total 
electrical charge on each electrode. 

Moreover, the capacitance value can also be written as the function of the 
surface area 𝐴 of conducting plate and the distance 𝑑 between them as follow: 

                                               𝐶 =  ఌబఌೝ
ௗ

                                              (2.3)                                                                                  

where 𝜀 represents a constant value of the dielectric in a vacuum, 𝜀 represents the 
constant value of the relative dielectric of materials and.  

When the voltage across a capacitor is changed, the charge on the plates adjusts 
accordingly. The stored energy of the capacitor is determined by equation: 

                                                                                𝐸 =  మ

ଶ
                                                (2.4) 

2.2 Electrochemical capacitors 

An electrochemical capacitor or ultracapacitor (supercapacitor), is a type of 
energy storage device which bridges the gap between batteries and traditional 
capacitors. It was first invented in 1957 by Howard Becker of General Electric (GE). 
Supercapacitors store energy the electrical through electrostatic double layer 
capacitance (EDLC) and pseudocapacitance mechanisms. It offers rapid 
charge/discharge capabilities, long cycle life, high power density. Two electrodes are 
separated by an electrolyte and a separator in a supercapacitor. The electrodes are 
often comprised of materials with a high surface area like activated carbon, carbon 
nanotubes, metal oxides and conducting polymer. Generally, Electrochemical 
capacitors are categorized into two main types: (I) electrochemical double-layer 
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capacitor that apply carbon as the electrode materials and (II) pseudocapacitor that 
use conducting polymer and metal oxides as the electrode materials, as exhibited in 
Figure 2. The basic energy storage method in supercapacitors is electrostatic double 
layer capacitance. When a voltage is given to the electrolyte, charge ions collect at 
the electrode-electrolyte contact, forming a double layer of charge. This electrical 
double layer stores energy and contributes to the overall capacitance. 
Supercapacitors exhibit pseudocapacitive behavior, which involves reversible redox 
process at the surface of electrode. Pseudocapacitance is associated with the 
transfer of charge between the electrode material and the electrolyte, allowing for 
additional energy storage beyond the double layer capacitance.  

 

 

 

 

  

 

 

 

 

Figure 2.1 Schematic of the types of supercapacitors (Adapted from (Abdah, Azman, 
Kulandaivalu, and Sulaiman, 2020)). 

2.2.1 Electrical double layer capacitors 

Electric double-layer capacitor (EDLCs) is another term use to describe 
electrochemical capacitor or supercapacitor. The graphene and carbon nanotubes 
(CNTs) have been interesting materials for use as electrodes for EDLCs due to their 
properties such as high surface area and good conducting. In 2011, An et al. reported 
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that CNTs have a high 180 F/g specific capacitance with 20 kW/kg power density and 
7 Wh/kg energy density (An et al., 2001). Further, in 2009, Wang et al. (Wang et al., 
2009) obtained the high 205 F/g specific capacitance from the measurement of 
graphene with 20kW/g power density and 7 Wh/g energy density. The concept of the 
electric double layer was represented by von Helmholtz. As shown in Figure 3, EDLCs 
contain two electrodes that are separated by a separator and used the electrolyte as 
the ionic connection to each other.   The electrolyte is a solution of positive and 
negative ions in a solvent like water. The surface of each of the two electrodes has 
an area where the liquid electrolyte comes into touch with the electrode conducting 
metallic surface which these interfaces are bordered between the two different 
phases of matter. The double-layer effect occurs in these interfaces. An electrical 
double layer is generated by the electrodes in the capacitor when applying a voltage 
to the electrochemical capacitor. There are two layers of charge that make up these 
double layers. One electrical layer is found in the electrode's surface lattice 
structure, while the other, with opposite polarity, originates from the electrolyte's 
dissolved and solvated ions. The solvent molecule monolayer is a separator 
between these two layers.  

 

 

 

 

 

 

 

 

 

Figure 2.2 The construction of a double-layer capacitor (Adapted from (Wu and Xu, 
2014)). 
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EDLCs can deliver and absorb high power quickly due to their low internal resistance. 
This makes them suitable for applications that require rapid energy transfer such as 
regenerative braking systems or power backup solutions. It can undergo numerous 
charge and discharge cycles without significant degradation. They are designed to 
maintain their performance over a large number of cycles, often in the range of 
hundreds of thousands to millions of cycles. Compared to batteries, EDLCs generally 
have a lower energy density, meaning they can store less energy per unit weight or 
volume. However, they compensate for this with their high power density and fast 
charge/discharge capabilities. The physics equations related to EDLCs involve 
principles of electrostatic, electrical circuits and energy storage. The capacitance of 
an EDLC represents its ability to store electrical charge. It is given by the equation:                                                                 
                                                              𝐶 =  

𝑄

𝑉
                                                  (2.5)  

where 𝐶 is the capacitance (F),  𝑄  is the total electrical charge on each electrode (C), 
and 𝑉 is the different potential between two electrodes (V). The energy stored in an 
EDLC can be calculated using the equation: 

                                                                        𝐸 =  మ

ଶ
                                               (2.6)                                                                                  

where 𝐸 is the stored energy (J), 𝐶 is the capacitance (F) and V is the voltage across 
the EDLC (V). Furthermore, the power delivered or absorbed by an EDLC can be 
determined by equation: 

                                                   𝑃 =  ௗா
ௗ௧

= 𝑉 ௗொ
ௗ௧

                                          (2.7)                                                                                  

where 𝑃 is the power (W), 𝐸 is the energy stored (J), t is time (s), 𝑉 is the voltage 
across the EDLC (V) and ௗொ

ௗ௧
 is the rate of change of the charge with respect to time 

(C/s).  

Moreover, another important parameter in determining the device’s 

performance of EDLC is the equivalent series resistance (ERS). The ERS represents the 
internal resistance of the EDLC. It can be included in the circuit model of an EDLC.  
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2.2.2 Pseudocapacitors 

A pseudocapacitor is a type of electrochemical capacitor that exhibits 
capacitance beyond the electrostatic double layer capacitance. Unlike electric 
double layer capacitors (EDLCs) that rely solely on the physical separation of charges 
at the electrode-electrolyte interface, pseudocapacitors involve additional redox 
reactions that contribute to the overall capacitance. The transition metal oxides such 
as MnO2, RuO2, IrO2, and conducting polymers like polyaniline (Table 2.1) have been 
used as the electrode materials in pseudocapacitors because they have excellent 
behavior of faradaic redox reactions, intercalation, or electrosorption process. The 
key feature of pseudocapacitors is the occurrence of faradaic reactions, which 
involve reversible and fast redox (oxidation-reduction) reaction. The three faradaic 
mechanisms such as redox pseudocapacitance, underpotential deposition, and 
intercalation pseudocapacitance, as seen in Figure 4 that can guide to increase the 
capacitance performance were identified by Conway (Conway, 2013). Underpotential 
deposition is a phenomenon that occurs during an electrochemical process involving 
the deposition of a metal onto an electrode surface. It refers to the deposition of a 
metal at a potential that is more negative than its thermodynamically expected 
potential. Redox pseudocapacitance occurs when the energy storage mechanism in a 
system involves redox reactions at the electrode-electrolyte interface. It is a 
combination of both electrical double layer capacitance (EDLC) and faradaic redox 
reactions. Intercalation pseudocapacitance refers to the process in which guest 
species, typically ions or molecules, are inserted or intercalated into the crystal 
structure of host materials. 
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Figure 2.3 Three different types of the faradaic mechanism of pseudocapacitive 
materials (Adapted from (Jiang, 2019)). 

Generally, redox material is regularly allocated on the layer of electrode. 
The redox reaction is explained as follow (A. Yu, Chabot, and Zhang, 2013): 

                                        𝑂௫ + 𝑛𝑒ି ↔ 𝑅ௗ                                            (2.8)        

where 𝑂௫ is the oxidized types, 𝑛 is the amount of electrons exchange in the 
reduction/oxidation reaction, and 𝑅ௗ  is the reduced types. The flow of charge 
associated with the redox reaction in the pseudocapacitor is represented by faradaic 
current. It can be calculated using Faraday’s law of electrolysis: 

                                                    𝑖 = 𝑛𝐹𝑣                                                  (2.9)                                                                                  

where 𝑖 is faradaic current (A), 𝑛 is the transferred electrons number in redox 
reaction, 𝐹 is Faraday’s constant  96485 C/mol and 𝑣is the rate of reaction (mol/s). 

The importance of pseudocapacitive materials is mainly recognized by the 
fact that they have a higher capacitance than EDLC. The computed specific 
capacitance value (C) of pseudocapacitor material can be determined by equation as 
follows (Zhi, Xiang, Li, Li, and Wu, 2013): 

                                                𝐶 =  ி
ெ

                                                      (2.10)                                   
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where 𝑛 is the electron amount exchanged in the redox reaction, 𝐹 is the constant 
value of Faraday, 𝑉 represents the window of potential, and 𝑀 is the molar mass.  

Table 2.1 Reports of metal oxides electrode material for pseudocapacitors. 

Electrode 
materials 

Electrolytes Specific 
capacitances (F/g) 

References 

MnO2 0.5 M K2SO4 261 (Yang et al., 2007) 
AgFeO2 1 M Na2SO4 110.4 (Abhay et al., 2021) 
MnO2 0.1 M H2SO4 678 (Pang et al., 2000) 
Fe3O4 1 M Mn2SO3 170 (Wang et al., 2006) 
V2O5 2 M KCl 350 (Lee et al., 1999) 

MnO2/AC 0.65 M K2SO4 678 (Brousse et al., 2004) 
NiO 1 M KOH 138 Zhao et al., 2007) 
In2O3 0.1M Na2SO3 190 (Prasad et al., 2004) 
SnO2 0.1 M Na2SO4 285 (Prasad and Miura, 2004) 
Bi2O3 1 M NaOH 98 (Gurja et al., 2006) 
NiO 1 M KOH 278 (Nam et al., 2002) 

Bi2WO6 1 M KOH 608 (Nithya et al., 2013) 
BFO nanorods 1 M Na2SO4 450 (Rana et al., 2014) 

RuO2.H2O 0.5 M H2SO4 650 (Kim and Kim, 2006) 
BiFeO3 thin film 1 M NaOH 81 (Lokhande et al., 2007) 

RuOx.H2O 0.1 M NaOH 1580 (Hue and Chen, 2004) 
Co3O4 6 M KOH 746 (Gao et al., 2010) 

 

2.3 Delafossite silver ferrite (AgFeO2) 

Delafossite AgFeO2 is a compound that belongs to the delafossite mineral family. 
It consists of three elements such as silver (Ag), iron (Fe) and oxygen (O). The 
compound is known as silver iron (III) oxide. Delafossite compounds have a layered 
crystal structure with a general formula ABX2, where A and B are metal cations and X 
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is an anion. In the case of AgFeO2, the silver cation (Ag+) and iron cation (Fe3+) occupy 
the A and B positions, respectively, while oxygen (O2-) is the anion.  

On the other hand, AgFeO2 is a non-toxic transition metal oxide that has two 
types of 3R and 2H structures with space groups of R3m, R-3m and P63/mmc. It 
succeeded in preparation by the hydrothermal method by Sheets et al. in 2006 
(Sheets, Mugnier, Barnabé, Marks, and Poeppelmeier, 2006). In 2017, Siedliska et al. 
(Siedliska, Pikula, Chocyk, and Jartych, 2017) reported the preparation of AgFeO2 by 
co-precipitation route. which show 2H and 3R mixing phases with the space groups of 
R-3m and P63/mmc, respectively as displayed in Figure 5. Moreover, in 2020, Ahmed 
et al. (Ahmed et al., 2020) successfully synthesized AgFeO2 delafossite structure 
nanoparticles using the hydrothermal method which has a R3m space group with the 
parameter values of lattice of a=3.033 A˚ and c=18.591 A˚. In this work, Ahmed et al. 
also studied the comparison of lattice parameters of AgFeO2 nanoparticles which lists 
in Table 2. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 AgFeO2 structure with the 3R and 2H types (Adapted from (Siedliska, 
Pikula, Chocyk, and Jartych, 2017)). 
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Table 2.2 The lattice parameters values of delafossite AgFeO2 nanoparticles. 

Lattice parameters   References 
a (A˚) c (A˚) 
3.035 18.592 (Siedliska et al., 2017) 

3.03273 18.5838 (Noriki et al., 2013) 
3.0393 18.5894 (Presniakov et al., 2014) 
3.0391 18.5899 (Noriki et al., 2012) 
3.033 18.591 (Ahmed et al., 2020) 

 

2.4 Electrochemical properties of AgFeO2 

AgFeO2 nanoparticles have become an efficient potential candidate for using as 
the supercapacitor electrode application because it is combined with transition 
metal with multiple valence states and rich redox chemistry that show better 
electrochemical performance. 

However, in 2011, Farley et al. studied the electrochemical properties of AgFeO2. 
The lithium hexafluoroarsenate (LiAsF6) is used as the electrolyte for electrochemical 
performance. The AgFeO2 materials showed larger voltage recovery with high 
retention of discharging as shown in Figure 6 and 7. It exhibited the delivery is greater 
or equal to 0.4 electron equivalents above 1.5 V under a rate of C/5 per hour. 
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Figure 2.5 CV curve at the slow scan of 5⨯10-5 V/s of AgFeO2 electrochemical cell 
(Adapted from (Farley, Marschilok, Takeuchi, and Takeuchi, 2011)). 

 

 

 

 

 

        

  

 
 

Figure 2.6 Discharge capacitance retention after 50 cycles of AgFeO2 electrochemical 
cell (Adapted from (Farley, Marschilok, Takeuchi, and Takeuchi, 2011)). 

In 2018, Pedro et al. studied the electrochemical performance of AgFeO2 for use 
as the negative electrode in Na- and Li-ion batteries. The electrode of the Na cell is 
created by the components of AgFeO2, Na-alginate, and carbon black (CB) by a ratio 
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of 75:10:15 by weight, respectively. Furthermore, the Li cell exhibited good 
performance by using LiFePO4 and AgFeO2 as the positive and negative electrodes, 
respectively. These full cells of an iron-base material showed excellent stability with 
retention of capacity of ~ 80% after 100 cycles, average round trip efficiency of 89%, 
and 3V operational voltage as shown in Figures 8 and 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 (a) Discharge/charge profile of galvanostatic of a Li half-cell that uses a 
composite AgFeO2 as the electrode material. (b) The average values evolution of 
charge and discharge potentials per cycle of Li half-cell. (c) The charge/discharge 
capacities of cycle performance. (d) Round-trip and coulombic efficiencies of Li half-
cell (Adapted from (Berastegui, Tai, and Valvo, 2018)). 
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Figure 2.8 (a) Charge/discharge profiles of galvanostatic of a full Li-ion cell. (b) The 
average values evolution of discharge and charge potentials of Li full-cell. (c) The 
charge/discharge capacities of cycle performance. (d) Round-trip and coulombic 
efficiencies of Li full-cell (Adapted from (Berastegui, Tai, and Valvo, 2018)). 

Moreover, in 2021, Abhay et al. studied the electrochemical properties of AgFeO2 
as a pseudo-capacitive electrode in an electrolyte of neutral aqueous Na2SO4. In this 
work, the electrochemical properties of AgFeO2 materials are performed with the 
three electrodes system in the electrolyte of 1M Na2SO4 under the potential window 
between -0.9 to 0.1 V. At 1 A/g current density (Figure 10). The AgFeO2 flower-like 
microarchitectures exhibit good electrochemical performance with a specific 
capacitance of 110.4 F/g and a capacitance retention of 89% after 2000 times. 
Moreover, the behavior of full cell of AgFeO2 material at the calcined temperature of 
400oC (AFO-400//AC) exhibited good electrochemical performance (Figure 11) 
(Siedliska, Pikula, Chocyk, and Jartych, 2017; Singh, Mondal, Rath, and Singh, 2021) 
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that provided a high-power density value of 454.3 W/kg with a high value of energy 
density of 33.5 Wh/g with good cycling stability. 

 

 

 

 

 

 

 

 

 

Figure 2.9 CV curves at different scan rates of 1 mV/s to 100 mV/s of AgFeO2 
nanoparticles at the calcination temperature of 400°C (Adapted from (Singh et al., 
2021)). 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Cyclic voltammetry (CV) curves of AgFeO2-400/AC as a scan rates 
function (Adapted from (Singh et al.,2021)).

 

 

 



 
 

 

CHAPTER III 

RESEARCH METHODOLOGY 
 

The experimental procedure is described in this chapter, comprising of three 
main sections. Initially, the materials used are provided. Subsequently, the process of 
AgFeO2-based nanostructures preparation is described. Lastly, the method employed 
for materials characterization is also elucidated. 

3.1 Raw materials 

 Iron (III) Nitrate nanohydrate Fe(No3)2·9H2O, Mw = 404, 99.9%, 
Sigma- Aldrich 

 Silver Nitrate AgNO3, Mw = 169.87, 99.9%, Sigma-Aldrich 
 Cobalt (II) nitrate hexahydrate Co(NO3)2·6H2O, Mw = 348.11, 

99.9%, Sigma-Aldrich  
 Nickel (II) nitrate hexahydrate Ni(NO3)2·6H2O, Mw = 290.79, 99.9%, 

Sigma-Aldrich  
 Sodium hydroxide NaOH, Mw = 40.00, 99.9%, Sigma-Aldrich 
 Potassium hydroxide (KOH), Mw = 56.11, 99.9%, Sigma-Aldrich 
 NMP (N-methyl-2 pyrrolidinone), Sigma-Aldrich 
 Acetylene black 
 Polyvinylidene difluoride (PVDF), Sigma-Aldrich 

3.2 Co-precipitation method and synthesis of AgFeO2-based 
nanoparticles 

In general, many synthetic methods including so-gel, solid- state reaction, 
hydrothermal, and co-precipitation have been employed to synthesize 

 



21 
 
nanostructures materials. The co-precipitation method stands out among these 
routes due to its ability to achieve high levels of crystallinity and purity. It also offers 
excellent control over composition and morphology, as well as narrow range of 
particle sizes. The co-precipitation method offers several advantages and 
disadvantages when compared to other commonly used synthesis method such as 
hydrothermal, solid-state reaction and so-gel methods. The comparison is given in 
Table 3.1. 

Table 3.1 The advantages and disadvantages comparison of co-precipitation with 
other methods.  

Methods Advantages Disadvantages 
Co-precipitation  Simple and low-cost 

 Ambient temperature and 
pressure 

 Better homogeneity and 
mixing of precursor ion 

 Less control over 
crystal structure 
 

Hydrothermal  Better crystallinity control 
over particles size 

 High pressure 
reactor and specific 
temperature 
condition 

Solid-state 
reaction 

 More stable for reactions 
involving thermally stable 
compounds 

 High temperature 
and long reaction 
time 

So-gel  More appropriate for thin 
film, coating, and 
complicated structure 
synthesis 

 Better control over the 
position and purity of the 
synthesized materials 

 Less control over 
particles 
morphologies 

 Several drying and 
heat treatment 
steps 
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In this study, the pure AgFeO2 and AgFe1-xMxO2 (M=Co, Ni; x =0.05, 0.10, 0.15, and 
0.20) nanoparticles are prepared the via co-precipitation route. The raw materials for 
samples preparation consist of silver nitrate (AgNO3) iron nitrate nanohydrate 
(Fe(NO3)3·9H2O), Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O) and Nickel (II) nitrate 
hexahydrate (Ni(NO3)2·6H2O). To initiate the synthesis, calculated amounts of starting 
materials were dissolved in DI water using the magnetic stirrer until a homogeneous 
solution was achieved which a summary of the calculated amount of the chemical 
composition used for the synthesis of pure AgFeO2 and AgFe1-xMxO2 nanoparticles are 
provided in Table 3.2. Subsequently, 1 M of NaOH was gradually added by dropping 
until the pH reached approximately 11. The resulting substance was gathered 
through sedimentation, and it was washed several times by DI water to eliminate any 
remaining impurities such as sodium ions and nitrate ions until the pH7. Afterwards, 
the washed precipitate was dried overnight at 70°C. Then, dried precursors were 
brough to calcine at various temperatures of 100, 200, 300, 400, and 500°C for 6 h in 
the presence of air utilizing a muffle furnace to obtain pure AgFeO2 nanoparticles 
while the AgFe1-xMxO2 (M=Co, Ni; x =0.05, 0.10, 0.15, and 0.20) nanoparticles were 
synthesized by annealing the precursors at 100°C. Figure 3.2 illustrates the schematic 
diagram depicting the process of synthesizing AgFeO2-based nanoparticles. 
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Table 3.2 Expression of the calculated amounts of starting materials employed for 
the production of AgFeO2-based nanoparticles.  

Materials Samples Raw materials 
AgNO3 

(g) 
Fe(NO3)3·9H2O 

(g) 
Ni(NO3)2·6H2O 

(g) 
Co(NO3)2·6H2O 

(g) 
AgFe1-xNixO2 

 
x = 0.00 1.699 4.040 - - 
x = 0.05 1.699 3.838 0.145 - 
x = 0.10 1.699 3.636 0.291 - 
X=0.15 1.699 3.434 0.436 - 
x = 0.20 1.699 3.232 0.582  

AgFe1-xCoxO2 x = 0.00 1.699 4.040 - - 
x = 0.05 1.699 3.838 - 0.146 
x = 0.10 1.699 3.636 - 0.291 
x = 0.15 1.699 3.434 - 0.437 
x = 0.20 1.699 3.232 - 0.582 
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Raw materials 

AgFeO2: AgNO3+ Fe(NO3)3·9H2O 

AgFe1-xNixO2: AgNO3+ Fe(NO3)3·9H2O+ Ni(NO3)2·6H2O 

AgFe1-xCoxO2: AgNO3+ Fe(NO3)3·9H2O+ Co(NO3)2·6H2O 

 

 

 

Starting materials were dissolved in DI water using the magnetic 
stirrer until a homogeneous solution was achieved. 

 1 M of sodium hydroxide (KOH) was gradually added until the 
pH reached approximately 11. 

The resulting substance was gathered through sedimentation, and it was 
washed several times by DI water until the pH7. Then, it was dried 

overnight at 70°C. 

 
Obtained precursors were calcined in air for 6 h at 

AgFeO2 : 100, 200, 300, 400, and 500°C 

AgFe1-xNixO2 : 100°C 

AgFe1-xCoxO2 : 100°C 

 

 

 

 

XRD, SEM, TEM, 3Flex, XAS, XPS and Insitu-XANES were used to 
characterize AgFeO2-based samples.  

CV, EIS and GCD methods were utilized to examine the 
electrochemical performance of AgFeO2-based nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

   

Figure 3.1 A diagram of the synthesis process and the characterisation of        
AgFeO2-based nanoparticles. 
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3.3 Material characterization technique 

3.3.1 X-ray diffraction technique (XRD) 

X-ray diffraction (XRD) is a technique for determining the molecular 
structure and atomic of a crystalline material. XRD works by shining a beam of X-ray 
onto a crystal and measuring the angles and intensities of the diffracted X-ray that 
are scattered by the atoms in the crystal lattice. The architectural diagram in Figure 
3.1 depicts the geometric aspects of diffraction. This information can then be used to 
determine the positions and types of atoms in the crystal, as well as the distances 
between them. The principle of XRD can be described using several equations. The 
first is Bragg’s law, which communicates the angle of diffraction (θ) to the spacing of 
crystal lattice planes (𝑑) and the wavelength of the X-ray (λ) can be expressed using 
equation: 

                                     nλ = 2dsin(θ)                                                                     (3.1) 
where 𝑛 is an integer representing the diffraction order. This equation explains why 
certain angles of diffraction produce particularly strong diffraction X-ray, as these 
angles correspond to constructive interference between the X-ray scattered by 
different planes in the crystal lattice. Another important equation in XRD is the 
Scherrer equation, which relates the full width at half maximum (FWHM) of a 
diffraction peak to the size (𝐷) of the crystalline domains in the material can be 
written in the relation as follow. 

   
                                   FWHM =  

ୈୡ୭ୱ()
                                              (3.2) 

where 𝐾 is a constant that bases on the shape of the diffracting crystal and the 
degree of strain in the material. This equation could be applied to estimate the size 
of the crystalline domains in a material by using the FWHM of a diffraction peak. 
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Figure 3.2 The schematic illustration of Bragg's law interpretation (Adapted from 
(Baskaran, 2010)). 

Moreover, the equation used to calculate the d-spacing (𝑑) is based on 
the relationship between the Miller indices of the diffraction plane (ℎ𝑘𝑙) and the 
lattice parameter. For the hexagonal structure, it can be given by equation. 

                                                   
ଵ

ୢమ =  ସ
ଷ

ቀ୦మା୦୩ା୩మ

ୟమ ቁ + ୪మ

ୡమ                                 (3.3) 

The equation relating the d-spacing to the lattice parameters in a 
rhombohedral structure is as follows. 

                             
ଵ

ୢమ =  ସ൫୦మା୩మା୪మ൯ୱ୧୬మାଶ(୦୩ା୩୪ା୦୩)(ୡ୭ୱమିୡ୭ୱ)
ୟమ(ଵିଷୡ୭ୱమାୡ୭ୱయ)

        (3.4) 

In this study, a D8 Advance Bruker instrument with Cu K𝛼 radiation and a 
wavelength of 0.15406 nm was employed to evaluate the structure of AgFeO2-based 
nanostructures. During the measurement, the samples were positioned on silicon 
glass. The pattern of X-ray diffraction (XRD) was recorded in the 2θ range of 10˚ to 

90˚ using a step size of 0.4 and a step time of 1. For the identification of the 
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crystalline material, XRD pattern was compared with the reference pattern provided 
by the Joint Committee for Power Diffraction Standard (JCPDS). 

3.3.2 Scanning electron microscopy (SEM) 

SEM technique is a widely used imaging method in materials science 
and other fields for observing the surface structure and morphology of a sample. The 
SEM works by scanning a focused beam of electron across the surface of a sample 
and detecting the backscattered electrons, secondary electrons, and X-rays that are 
emitted from the sample surface. These signals can then be used to construct an 
image of the sample with high spatial resolution and depth of field. The diagram of 
the working principle for SEM technique is displayed in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 Figure 3.3 Representing the SEM components (Adapted from (Temiz, Yilmaz, and 
Kolemen, 2022)). 

The principles of SEM can be described using several equations. The first is 
the Schrödinger equation, which explains the behavior of electrons in the presence 
of a potential energy field: 
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                                                                  𝑖ℏ డఅ
డ௧

= 𝐻𝛹                                                 (3.5) 

where ℏ is the reduced Planck constant, 𝑡 is time, 𝛹 is the wavefunction of the 
electron, and H is the Hamiltonian operator describing the potential energy field. 
Another important equation in SEM is the secondary electron yield equation, which 
relates the number of secondary electrons emitted from the sample surface (𝐼) to 
the primary electron beam current (𝑖) and the secondary electron yield (𝛿):  

                                                                               𝐼 = 𝑖𝛿                                            (3.6) 

This equation explains why secondary electron emission is an important signal in SEM 
imaging, as it is directly proportional to the beam current of primary electron and the 
secondary electron yield of the sample surface. The backscattered electron yield 
equation is another important equation in SEM, which relates the number of 
backscattered electrons (𝐼) to the primary electron beam current (𝑖), the atomic 
number of the sample (𝑓(𝜃)), and the angle of incidence of the primary electron 
beam (𝜃). 

                                                         𝐼 = 𝑖𝑧ଶ𝑓(𝜃)                                                                       (3.7) 

where 𝑓(𝜃) is the angle of incidence function that depends on the atomic scattering 
factors of the sample. This equation explains why backscattered electron imaging is 
particularly useful for imaging materials with high atomic number, as the 
backscattered electron yield is proportional to 𝑧ଶ. 

In this work, the samples were attached to a sub using tape of carbon and 
covered them in a vacuum with gold for a duration of 10 minutes. The morphologies 
of the prepared AgFeO2-based nanostructures was examined using field-emission 
scanning electron microscopy (FESEM: JEOL, JEM. 700X).  

 

 

 

 

 



29 
 

3.3.3 Transmission electron microscopy (TEM) 

TEM is a powerful analytical approach used to study the microstructure of 
materials at the nanoscale. The results obtained from TEM analysis can inform about 
the crystal structure, composition, and morphology of a material. In simple terms, 
TEM works by shooting the electrons beam through a thin sample, which interacts 
with the sample and is then projected onto a screen or detector. The components 
of TEM consist of several important parts such as electron source, electron lenses, 
condenser lens, sample holder, specimen, Object lens, Imaging system, vacuum 
system, Electron energy filter (optional) and computer and control system which 
displayed in Figure 3.3. The source of electron in a TEM is usually a field emission 
gun (FEG) or a heated filament. It emits a beam of electrons, which is accelerated to 
high energies. The electron beam is focused and controlled by a set of 
electromagnetic lenses. These lenses are responsible for forming a highly focused 
and coherent electron beam. The condenser lens is the first lens that the electron 
beam encounters after leaving the electron source. It focuses the beam onto the 
sample, adjusting its convergence and illumination. The sample holder, also known 
as the specimen stage, is a platform where the specimen to be analyzed is mounted. 
It allows for precise positioning and movement of the sample during imaging. The 
specimen is the material or sample being studied in the TEM. It is typically prepared 
as an ultrathin section, often less than 100 nanometers thick, to allow electrons to 
pass through. The objective lens are the main lens in the TEM and is responsible for 
forming a magnified image of the specimen. It focuses the transmitted electrons onto 
the imaging system. The imaging system consists of a combination of lenses, 
apertures, and detectors that capture and magnify the electron beam transmitted 
through the specimen. It includes the intermediate lens, projector lens, and various 
detectors such as scintillators or CCD cameras. TEM operates under high vacuum 
conditions to prevent electron scattering and interactions with air molecules. A 
vacuum system is employed to create and maintain a suitable environment for the 
electron beam to travel through. Some advanced TEM setups may include an 
electron energy filter, which allows for selective energy filtering of the electron 
beam. This enables spectroscopic analysis and imaging at specific electron energy 
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ranges. 10 Computer and Control System: TEM instruments are typically connected 
to a computer and control system that enables the user to manipulate and adjust 
various parameters, control the microscope, and acquire images. The resulting image 
shows a highly magnified view of the sample's internal structure, revealing details 
that cannot be seen with other types of microscopies. TEM analysis can provide 
information about the materials crystal structures using electron diffraction patterns. 
These patterns are generated by the interaction of electrons with the crystal lattice 
of the material and can be employed to determine the orientation and symmetry of 
the crystal structure. TEM can also be utilized to identify the chemical composition 
of a material by employing energy dispersive X-ray spectroscopy (EDS). This 
technique measures X-rays emitted by the sample when it is bombarded with 
electrons, allowing the identification of the elements present in the material. Overall, 
TEM can be used to examine the morphology of a material by producing high 
resolution images of its surface and internal structure. This allows researchers to 
study the arrangement of atoms and molecules within a material, providing insights 
into its properties and behavior. 
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Figure 3.4 Schematic diagram of TEM components (Adapted from (Encyclopaedie 
Britannica, 2008)). 

3.3.4 Nitrogen (N2) adsorption technique 

Nitrogen adsorption is a technique commonly used in materials science 
and surface chemistry to characterize the surface area and porosity of materials. The 
principle behind this technique is depended on the principle of nitrogen gas 
adsorption onto the material's surface, which allows the determination of the 
distribution of pore size, pore volume, and surface area. Based on the International 
Union of Pure and Applied Chemistry (IUPAC), there are six types of adsorption 
isotherms that can be classified. Adsorption isotherms describe the relationship 
between the concentration of a substance and its adsorption onto a solid surface at 
a constant temperature (Figure 3.4). 
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Figure 3.5 Classification of adsorption isotherm (Adapted from (Zeid A Alothman, 
2012)). 

As shown in Figure 3.4, in Type I, the materials that show the small 
external surface area with a diameter of pore of smaller than 2 nm are known as 
microporous materials. For Type II, it represents non-porous materials. Type III is 
typically associated with non-porous materials or microporous materials, which 
displays a pore diameter greater than 50 nm. The materials with pore diameter 
ranging from 2 to 50 nm are observed in mesoporous materials (Type IV). Type V 
isotherms are indicative of mesoporous and microporous materials due to their weak 
interaction of the adsorbate/adsorbent. Lastly, Type VI is an isotherm commonly 
observed in non-porous materials. 
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3.3.4.1 Brunauer-Emmett-Teller method (BET) 

The most common method for nitrogen adsorption analysis is known as 
the BrunauerEmmett-Teller (BET) method. The BET method is depended on the 
theory developed by Brunauer, Emmett, and Teller in 1938, which assumes that the 
adsorption of nitrogen follows a multilayer adsorption model on a homogeneous 
surface. The BET theory relates the amount of gas adsorption at different pressures 
to the materials specific surface area. The equation applied in BET theory is as 
follows: 

                                                      
ଵ

ௐቀುబ
ು ିଵቁ

= 
బ

ቀ ିଵ
ௐ

ቁ + ଵ
ௐ

                                          (3.8) 

 

where  𝑊 is a volume of gas adsorbed at a constant pressure and temperature of 
1.013 ⨯10ହ Pa and 273.15 K, respectively, 𝑃 is the saturation pressure of the 
adsorbate gas, 𝑊 is the volume of gas adsorbed for a monolayer on the material 
surface and 𝐶 is a constant related to the energetic of adsorption. To estimate the 
specific surface area using the BET theory, the experimental data obtained from the 
nitrogen adsorption isotherm is plotted on a graph of ଵ

ௐቀುబ
ು ିଵቁ

 versus 
బ

. The linear 
region of this plot corresponds to the monolayer adsorption, and the slope and 
intercept of the linear portion could be employed to calculate the specific surface 
area. The specific surface area (𝑆ா்) can be determined using the following 
equation: 

                                                                               𝑆ா் =  ௐேೞ
బ

                                            (3.9) 

 

where 𝑁 is 6.023⨯10ଶଷ(Avogadro’s number),  𝑊 is the volume of monolayer, 𝑉 is 
22414 cm3/molar at atmospheric pressure (the volume of gas per molar), 𝐴௦ is the 
molecule cross-sectional area of the adsorption gas (nitrogen, 𝐴௦ = 16.2 A˚2) and 𝑚 
is the mass of the sample. 
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3.3.4.2 Pore size distribution 

The pore size distribution of a material can be determined from the 
branch of desorption of the adsorption isotherm by using the Kelvin equation or the 
Barrett-JoynerHalenda (BJH) method. Based on the change in gas pressure required 
to desorb from holes of various sizes, these methods can estimate the pore size 
distribution. Generally, the total pore volume (𝑉௧௧) could be found from the 
amount of the vapor adsorbed which can be expressed using equation as follow: 

                                                          𝑉௧௧ =  ೌ ೌೞ
ோ்

                                             (3.10) 

 

where  𝑅 is gas constant (8.314 J/K.mol), 𝑇 is the surrounding temperature, 𝑉 is the 
molar volume of the liquid substance being adsorbed, 𝑃 is the surrounding pressure 
and 𝑉ௗ௦ is the volume of gas that has been adsorbed. By using the total pore 
volume(𝑉௧௧), the average pore size (𝑟) can be written as follows: 

                                                                           𝑟 =  ೌ
ௌೌ

                                                       (3.11) 

 

In this work, the specific surface area, pore size distribution and total pore 
volume of the sample were determined using Micrometric 3Flex Adsorption Analyzer 
which analyzes by BJH and BET methods, respectively. In the testing process, the 
synthesized AgFeO2-based nanostructures were subjected to degassing at 120 °C for 
10 h under a pressure of 10ିହ Pa. 

3.3.5 X-ray absorption spectroscopy (XAS)  

 XAS is an experimental approach used for probing the electronic and 
structure properties of materials. It gives useful information about a sample's local 
atomic structure and electronic states. XAS is particularly useful for studying the 
chemical composition, oxidation states, coordination environments, and electronic 
bonding in a wide range of materials, including solids and liquids. The basic principle 
of XAS involves the interaction of X-rays with matter. When a beam of X-rays passes 
through a sample, the X-rays can be absorbed by the atoms present in the material. 
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The probability of absorption depends on the energy of the X-rays and the 
electronic structure of the absorbing atoms. The absorbed X-rays can excite core 
electrons from their ground states to higher energy levels or ionize them completely. 
The XAS spectrum is obtained by measuring the intensity of X-rays transmitted 
through the sample as a function of the X-ray energy. The X-ray absorption near 
edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) 
(Figure 3.5) are the two key aspects of the XAS spectrum. The spectrum XANES 
shows the element oxidation states information in the sample. In XANES 
spectroscopy, a sample is irradiated with a beam of X-rays whose energy is gradually 
increased. The atoms in the sample absorb the X-rays, causing transitions of inner 
shell electrons to vacant states. The XANES spectrum is obtained by measuring the 
intensity of the X-rays that are transmitted or scattered as a function of their energy. 
The EXAFS region, which extends beyond the absorption edge, contains oscillatory 
features resulting from the X-ray wave interference with the backscattered wave from 
neighboring atoms. These oscillations provide information about the local atomic 
environment, such as bond distances, coordination numbers, and disorder.  
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Figure 3.6 Representing the regions of XANES and EXAFS for XAS spectrum (Adapted 
from Wikipedia). 

There are two modes of XAS measurement including transmission and 
fluorescence mode (figure 3.6). The transmission mode measurement is performed 
by comparing the X-ray intensity before and after passing through the sample. The 
absorption of X-ray by the sample based on the energy of the X-ray and the 
absorption cross-section of the element presents in the material. The absorption 
cross-section is a measure of the probability of X-ray absorption by an atom as a 
function of X-ray energy. XAS transmission mode measurement principle can be 
described using the Beer-Lambert law, which relates the transmitted intensity (𝐼) to 
the incident intensity (𝐼), the sample thickness (𝑥) and the coefficient of absorption 
(𝜇) of the material: 

                                                            𝐼 =  𝐼𝑒(ିఓ௫)                                             (3.12) 

The absorption coefficient depends on the X-ray energy and the properties of the 
material. By measuring the transmitted intensity at different X-ray energy, one can 
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obtain the absorption coefficient, which provides insight into the structure of 
electronic of the material. 

For XAS fluorescence mode, the X-ray is used to excite electrons in the 
material, and the emitted fluorescence radiation is measured. The principle behind 
XAS fluorescence measurement is that when a core electron in an atom is excited by 
an incident X-ray photon, it can jump to an unoccupied higher energy level. This 
creates a core hole in the atom. Subsequently, an electron from higher energy level 
can drop down to complete the core hole, releasing energy in the form of a 
fluorescence X-ray photon. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 The typical mode of XAS measurement (Adapted from Wikipedia). 

In this work, XANES spectra of Ag, Fe, Co and Ni were measured at BL 5.2 
SUT-NANOTEC-SLRI, XAS of Synchrotron Light Research Institute of Thailand. Athena 
software was used to analyze the oxidation states of the elements in the samples. 
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3.3.6 X-ray photoelectron spectroscopy (XPS) 

The XPS technique is an employed surface analysis method that provides 
information about the chemical composition and electronic state of material’s 

surface. It involves bombarding a sample with X-ray and detecting the kinetic energy 
and intensity of the emitted photoelectrons. XPS basic principle is based on the 
effect of photoelectric, where X-ray photons are absorbed by atom in the sample 
(Figure 3.7), resulting in the ejection of core-level electrons. The emitted 
photoelectrons kinetic energy is directly correlated to the core-level electrons 
binding energy in the atom. By analyzing the kinetic energies of the emitted 
photoelectrons, information about atom position, element state and electronic 
structure of the samples can be obtained. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Schematic diagram of XPS principle (Adapted from (John Onyango 
Adongo, 2019)). 

 



39 
 

The binding energy  (𝐸) of a core-level electron can be determined using 
the equation: 

                                                           𝐸 = ℎ𝜈 − 𝐸 − 𝜙                                                       (3.13) 

where ℎ𝜈 is the energy of incident X-ray photon, 𝐸 is the kinetic energy of the 
emitted photoelectron and 𝜙 is the work function. The energy of incident X-ray 
photon is typically specified in electron volt (eV), and the kinetic energy of the 
emitted photoelectron is also measured in eV. The binding energy is a characteristic 
property of each element and its chemical environment, allowing for the 
identification and qualification of the elements present in the sample. Additionally, 
the elemental composition of the sample could be achieved from information of the 
emitted photoelectrons. The related intensities of the photoelectron peaks can be 
used to investigate the atomic concentrations of the elements present. 

In this study, the XPS with an Al Kα radiation (1486.6 eV) of ULVAC-PHI (PHI 
Versa Probe II XPS system) was used to carry out the oxidation states and chemical 
composition of the prepared AgFeO2-based nanostructures. 

3.4 Electrochemical measurement 

Electrochemical measurements refer to the techniques or methods used to 
study and analyze electrochemical processes. These processes involve the 
interconversion of chemical and electrical energy such as redox reaction, electrolysis, 
corrosion and electroplating. Generally, it was utilized to compute the 
electrochemical performance of the material’s electrode or the energy storage 
devices that associate with the electrochemical process such as supercapacitor and 
batteries. In the electrochemical measurement, there are several techniques 
including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 
galvanostatic charge discharge (GCD). For the electrochemical cell setup, a three-
electrode system was used to perform the electrochemical properties. The three-
electrode system refers to an electrochemical setup that consists of three 
electrodes: a working electrode, a reference electrode and a counter electrode. The 
working electrode is the electrode where the electrochemical reaction of interest 

 



40 
 

Potentionstat/Galvanostat Three-electrode system Computer 

take place. The reference electrode provides a stable and known potential against 
which the potential of the working electrode is measured. It maintains a constant 
potential and acts as a reference point for the electrochemical measurement. The 
counter electrode completes the circuit and balance the current flowing through the 
system. It helps to maintain charge neutrality during the electrochemical process by 
providing or accepting electrons. 

In this work, the AgFeO2-based electrode was utilized as the working electrode 
while the platinum plate and Ag/AgCl are the counter electrode and reference, 
respectively. The electrochemical performance of AgFe1-xMxO2 electrode was 
evaluated by GCD, EIS and CV by Potentionstat/galvanostat in the electrolyte of 3 M 
KOH. Figure 3.9 shows the electrochemical cell setup for electrochemical 
measurement of the AgFeO2-based nanostructures materials. 

 

 

 

 

 

 

 

Figure 3.9 Electrochemical measurement system includes a three-electrode system, 
potentionstat/galvanostat and a computer. 

3.4.1 Cyclic voltammetry (CV)  

Cyclic voltammetry (CV) is an electrochemical technique used to 
determine the electrode material and examing its electrochemical properties 
including the specific capacitance. It involves sweeping the voltage applied to an 
electrochemical cell between two limits and measuring the resulting current. The 
technique is commonly used for studying energy storage devices such as 
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supercapacitors. Figure 3.10 represents the CV curve of the EDLC and 
pseudocapcitor. For pseudocapacitors, the CV curve consists of the anodic and 
cathodic peaks, which present the oxidation and reduction process, respectively. The 
capacitance (𝐶) of the supercapacitor can be estimated using the CV curve which 
relates to the current (𝐼 =  ௗொ

ௗ௧
) and the scan rate (𝑣 =  ௗ

ௗ௧
). Mathematically, it can be 

expressed as follows: 

                                                   𝐶 ௗ
ௗ௧

=  ௗொ
ௗ௧

                                                                 (3.14) 

                                                  𝐶𝑣 = 𝐼                                                                       (3.15) 

                                                    𝐶 =  ூ
௩
                                                                       (3.16) 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 CV curve of the ideal EDLC and pseudocapacitor (Adapted from (Sohrabi 
et al., 2021)). 

On the other hands, the electrode material specific capacitance can be 
estimated from the experimental results using the equation as follow: 
                                                                           

                                                           𝐶 =  ∫ ூ()ௗ
௩∆

                                                      (3.17) 
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where the ∫ 𝐼(𝑉)𝑑𝑉 term is the surrounding area of the curve of CV, 𝑚 represents 
the mass of active material, ∆𝑉 is the window of potential range and 𝑣 represents 
the scan rate. 

In this work, the cyclic voltammetry (CV) curve of the AgFeO2-based 
nanostructures electrode was performed by using the potentiostat method to study 
electrochemical properties at 2 mV/s to 100 mV/s scan rates under the potential 
between -1.16 V to 0.35 V. 

3.4.2 Galvanostatic charge discharge (GCD) 

Galvanostatic charge-discharge (GCD) technique is a commonly used 
method to determine the specific capacitance of an electrochemical capacitor or 
supercapacitor. In this technique, the voltage response is recorded with the charging 
and discharging at a constant current (Figure 11). By analyzing the voltage-time data, 
one can calculate the specific capacitance of the capacitor. 

 

 

 

 

 

 

 

 

Figure 3.11 GCD curve (Adapted from (Eleri, Lou, and Yu, 2022)). 

Furthermore, the specific capacitance (𝐶௦) of the sample relates to the 
discharge current (𝐼), discharge time (∆𝑡), active material mass (𝑚) and potential 
window (∆𝑉) which can be written as follow: 

                                                                                𝐶௦ =  ூ∆௧
∆

                                                   (3.18) 
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Moreover, the specific energy and power density can be found as follows: 

                                                                                 𝐸 =  మ

ଶ⨯ଷ.
                                                (3.19) 

                                                                                  𝑃 =  ா⨯ଷ
௧

                                            (3.20) 

where 𝐸 represents the specific energy (Wh/Kg) and 𝑃 represent the specific power 
(W/Kg).  

In this work, the specific capacitance of the materials is performed by GCD 
at the 1A/g to 20 A/g current densities. 

3.4.3 Electrochemical impedance spectroscopy (EIS) 

 EIS method is employed to study the electrical behavior of 
electrochemical system. It involves the application of a small perturbation signal to 
the system and measuring the resulting response in term of impedance. EIS can 
provide valuable information about the charge transfer processes, electrical 
properties and the kinetic of electrochemical reactions. The physics equation relates 
to EIS are derived from the principles of electrical circuit theory and electrochemical 
processes. The most commonly used model for interpreting EIS data is the 
equivalent circuit model which interprets the electrical behavior of the system. In AC 
current, the correlation between the sinusoidal current (𝐼) and voltage (𝑉) and the 
complex impedance (𝑍) can be described using Ohm’s Law. However, in AC currents, 

the impedance (𝑍) is a complex quality that considers both resistance (𝑍′) and 
reactance (𝑍"). The relationship can be expressed mathematically as: 

                                                                                𝑉 = 𝐼𝑍                                                               (3.21)                    

where 𝑉 is the complex voltage, 𝐼 is a complex current and 𝑍 is the complex 
impedance. Expanding the equation further, we can represent the complex voltage 
(𝑉) and complex current (𝐼) using their phasor representations. Let’s denoted the 

magnitude of the voltage as 𝑉 and the phase angle as 𝜙௩ and the value of the 
current as 𝐼 and the phase angle as 𝜙 . Using phasor notation, the equation 
become: 
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                                                          𝑉𝑒(ఠ௧ାథೡ) = 𝐼𝑒(ఠ௧ାథ)𝑍                                        (3.22) 

 

where 𝑒(ఠ௧) represents the time-varying sinusoidal component with angular 
frequency 𝜔𝑡. 

By dividing both sides of the equation by 𝐼𝑒(ఠ௧ାథ), we get: 

                                                            బ
ூబ

𝑒(థೡିథ) = 𝑍                                                             (3.23) 

The term బ
ூబ

 represents the magnitude of ratio between the voltage and current 
phasors, denoted as ቚ

ூ
ቚ = |𝑍|. Therefore, the relationship between the sinusoidal 

current and voltage signals and the complex impedance in AC currents can be 
expressed as: 

                                                𝑍 = ቚ
ூ
ቚ 𝑒(థೡିథ) = |𝑍|𝑒థ                                                   (3.24) 

                                                          𝑍 = 𝑍ᇱ + 𝑗𝑍"                                                                  (3.25) 

where 𝑗 is the imaginary unit. The magnitude |𝑍| and angle ϕ can be defined as:  

                                                         |𝑍| = ඥ(𝑍′)ଶ + (𝑍")ଶ                                                    (3.26) 

                                                                   ϕ = 𝑎𝑟𝑐𝑡𝑎𝑛 ቀ"
ᇱ

ቁ                                                  (3.27) 

In the experiment, EIS is performed over a range of frequencies. The 
frequency of the applied perturbation signal is denoted as 𝑓 and it typically 
expressed in hertz (Hz). By using the frequency (𝑓) and the magnitude impedance 
(|𝑍|), the capacitance (𝐶) can be expressed as: 

                                                              𝐶 = ଵ
ଶగ||                                                                    (3.28) 

In EIS technique, there are two plots such as Bode and Nyquist plot. The 
plot of Nyquist is a common graphical explanation of EIS data. It plots the real part 
(impedance (𝑍′)) and the imaginary part (impedance (𝑍")) and the. The Bode plot is 
another graphical representation of EIS data. It plots the magnitude of the 
impedance value (|𝑍|) and the phase angle (ϕ) as a function of the frequency. EIS 
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provides two types of impedance including Faradaic impedance and non-Faradaic 
impedance. Faradaic impedance represents the impedance due to charge transfer 
processes occurring at the electrochemical interface. It can be modeled using the 
Randles circuit, which consists of a resistor (𝑅௧) in parallel with the constant phase 
element (CPE) in series with an impedance of Warburg (𝑍௪) (Figure 3.12a). Non-
Faradaic impedance accounts for processes that do not involve charge transfer such 
as double-layer capacitance and diffusion. It can be modeled using a simple parallel 
combination of a resistor (𝑅) which is the real part (𝑍′) intercept of Nyquist plots a 
capacitor (𝐶) (Figure 3.12b). 

 
 

 

 

 

 

 

Figure 3.12 The impedance of complex plane plots a) non-Faradaic region and b) 
Faradaic electron transfer with mass transfer (Adapted from wikipidia). 

In this work, the complex electrical resistance of the samples is tested 
using electrochemical impedance spectroscopy (EIS) after GCD measurement under 
the frequency range between 100 kHz and 100 mHz in order with 10 mV amplitude. 

3.4.4 Preparation of working electrode 

The working electrode component has an 80:10:10 wt% ratio of the 
prepared AgFeO2-based nanoparticles as the active materials, with polyvinylidene 
difluoride (PVDF) as the binder, and acetylene black as the conductive agent, 
respectively, and employing N-methyl-2 pyrrolidinone (NMP) of 400 µl as a solvent 
for slurry forming and coasting on a surface of 1⨯1.2 cm2 of Ni foam plate with 50 µl 
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of the slurry. The electrode was dried at 70 ºC for 12 h to displace the NMP solvent. 
After drying, the electrode was brought to press at 10 MPa for 5 minutes. 

 

 

 

 

 



 
 

 

CHAPTER IV 

RESULTS AND DISCUSSION 
 

The experiment results are presented in this chapter along with a discussion of 
them, which consists of three main parts such as AgFeO2 nanoparticles, AgFe1-xCoxO2 
nanoparticles and AgFe1-xNixO2 nanoparticles. In each part includes the 
characterization and electrochemical studies. X-ray diffraction (XRD) technique is 
utilized to determine the crystal structure of all the prepared AgFeO2-based samples. 
The morphologies of AgFeO2-based samples are investigated using TEM and SEM. XAS 
and XPS are applied to examine the composition of elemental and valence states of 
the prepared AgFe1-xMxO2 nanoparticles. The BET method is used to compute specific 
surface area, while the porosity is assessed using the BJH method. Additionally, we 
demonstrate the effects of calcination at different temperatures and Co and Ni-
doped AgFeO2 through electrochemical results. 

4.1 AgFeO2 nanoparticles 

4.1.1 Structure and morphologies analysis of AgFeO2 nanoparticles by XRD, 
TEM and SEM 

The patterns of XRD of the obtained AgFeO2 samples which calcined at the 
various temperatures of 100 , 200 , 300 , 400 , and 500oC are displayed in figure 4.1. 
The diffraction peaks observed of all the prepared samples identified that the crystal 
structure of the samples are closely matched with the diffraction pattern of standard 
of hexagonal α-AgFeO2 with the mixing of 3R (PDF2 card no. 00-018-1175) and 2H 
(PDF2 card no. 00-029-1141) phases. The diffraction peaks of 3R phase is found at 2θ 
= 14.29, 28.87, 34.37, 35.42, 39.31, 43.87, 48.67, 52.48, 59.68, 61.12, 68.25, and 72.48˚ 

associate with the lattice plane of (003), (006), (101), (102), (104), (109), (107), (108), 
(0012), (111), (116), and (202), respectively while 2H phase observed at 2θ = 
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14.27, 28.77, 34.82, 37.07, 40.62, 43.78, 50.52, 56.59, 59.64, 60.89, 62.96, 63.25, 68.76, 
and 72.09˚ correlate with the lattice plane of (002), (004), (101), (102), (103), (006), 

(105), (106), (008), (110), (112), (107), (114), and (201), respectively. Interesting, the 
sample calcined at 500oC has impurity phase, which contained a small amount of Ag. 
This is may owing to the phase deposition occurred (Siedliska et al., 2017). According 
to the refinement method, the percentage of 2H and 3R phase at different cacination 
temperatures can be found as shown in Table 4.1.  
 
 

 

 

 

 

 

 

 

 
 

Figure 4.1 The pattern of XRD of AgFeO2 nanoparticles calcined at various 
temperatures ranging from 100 to 500oC. 

Table 4.1 2H and 3R percentages in AgFeO2 structure at various calcination 
temperatures.  

Phase type Calcination temperatures 
100ºC 200ºC 300ºC 400ºC 500ºC 

2 H 70.06% 69.97% 69.31% 67.28% 65.95% 

3R 29.34% 30.03% 30.69% 32.72% 34.05% 
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Figure 4.2 FESEM images of the pure AgFeO2 samples calcined at different 
temperatures of (a) 100oC, (b) 200oC, (c) 300oC, (d) 400oC, and (e) 500oC. 

 
The FESEM was employed to study the structure and morphologies of 

delafossite AgFeO2 samples. Figure 4.2 shows the FESEM images of the AgFeO2 
samples with the different calcined temperatures. The particle size distribution of the 
prepared AgFeO2 samples were ananlyzed by ImageJ sofware  implying the 
morphologies of AgFeO2 which the particle sizes of the sample are in the nanoscale. 
Additionally, the mean particle size values are 45, 49.23, 49.43, 60 and 63 nm were 
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obtained from the samples at different temperatures of 100, 200, 300, 400, and 
500˚C, respectively. 

Moreover, the structural and morphology were examined by the TEM as 
decpicted in Figure 4.3. The SAED images confirmed the presence of 2H and 3R 
phases of the prepared AgFeO2 nanoparticles.  

 
 

  

  
 
Figure 4.3 The images of TEM with associating SAED of the synthesized AgFeO2 
samples calcined spanning from (a,b) 100oC to (I,j) 500oC, respectively. 
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Figure 4.3 (Continued) The images of TEM with associating SAED of the synthesized 
AgFeO2 samples calcined spanning from (a,b) 100oC to (I,j) 500oC, respectively. 

 
4.1.2 Oxidation state and surface chemical composition study of AgFeO2 

nanoparticles by XAS and XPS 
The Ag and Fe valence states in delafossite AgFeO2 nanoparticles were 

studied by the XAS technique. The normalized spectra of XANES of Ag L3-edge of 
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prepared AgFeO2 nanoparticles and reference samples of Ag2O (Ag1+) and AgO (Ag2+) 
are displayed in Figure 4.4(a). The Ag L3-edge XANES spectra edge position of all the 
synthesized AgFeO2 samples are closed to the reference samples of Ag2O (Ag1+) 
which are presented using Table 4.1. This indicated that Ag ion in all AgFeO2 samples 
had the oxidation states of Ag1+. On the other hands, For the Fe K-edge, the 
oxidation state increases when the K-edge energy reallocates to higher energy. As 
interpreted in Figure 4.5(a), the XANES spectra edge position of all prepared AgFeO2 
corresponds to the reference sample of Fe2O3 (Fe3+) which indicated that Fe ion in 
all the  samples had the oxidation states of between Fe3+ as verified utilizing the 
edge energy (Table 4.1) and the plot of first derivative (Figure 4.5(b)). 
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Table 4.2 The oxidation states with corresponding edge energies of the references 
and prepared AgFeO2 nanostructures. 

 
Reference 
Samples 

Edge element Edge energy E (eV) Oxidation state 

Ag2O Ag 3349.39 +1 
AgO Ag 3348.11 +2 

Fe foil Fe 7111.65 +0 
FeO Fe 7119.89 +2 

Fe3O4 Fe 7123.23 +2, +3 
Fe2O3 Fe 7126.76 +3 

AgFeO2-100C Ag 
Fe 

3350.45 
7126.97 

+0, +1 
+3 

AgFeO2-200C Ag 
Fe 

3350.02 
7126.60 

+0, +1 
+3 

AgFeO2-300C Ag 
Fe 

3350.48 
7127.18 

+0, +1 
+3 

AgFeO2-400C Ag 
Fe 

3350.27 
7126.40 

+0, +1 
+3 

AgFeO2-500C Ag 
Fe 

3350.49 
7126.50 

+0, +1 
+3 
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Figure 4.4 Normalized XANES plot of the synthesized AgFeO2 samples at Ag L3-edge. 
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Figure 4.5 (a) Normalized XANES with (b) the associating first derivative plot of the 
synthesized AgFeO2 samples at Fe K-edge. 
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The element composition and oxidation state of delafossite AgFeO2 
sample were characterized by XPS technique. For all the prepared AgFeO2 samples, 
the binding energy associated with Ag 3d, Fe 2p, and O 1s as presented by the XPS 
survey spectrum (Figure 4.6). To fit the Ag 3d spectra of all the AgFeO2 samples, the 
Gaussian fitting method was employed. As displayed in Figure 4.7, the two main 
peaks of Ag 3d spectra were found at 367.05 eV (Ag 3d5/2) and 372.98 eV (Ag 3d3/2). 
Furthermore, these peaks are provided the existence of Ag+ valence state. Hence, it 
is clear that Ag was in the Ag+ valence state wich corresponds to the XANES results. 
For the XPS spectrum of Fe 2p, The Fe atom electronic configuration in the states of 
2p3/2 and 2p1/2  were discovered at  711 eV and  724 eV binding energies, 
respectively with a separation of   15.5 eV and two satellites (denoted as “Sat.”) 

(Figure 4.8). The consisting of two main peaks at  711 eV (Fe 2p3/2) and  724 eV 
(Fe 2p1/2 ) of the delafossite AgFeO2 samples confirmed the oxidation states of Fe3+ 

(Ahmed et al., 2020; Yamashita and Hayes, 2008; Mills and Sullivan, 1983; Hawn and 
DeKoven, 1987; Muhler, Schlögl, and Ertl, 1992). By the  results of O 1s fitting, the 
peaks are observed at  529 eV and 531.5 eV corresponding to the lattice oxygen in 
the delafossite AgFeO2 structure and OH- group, respectively (Fugure 4.9) (Ahmed et 
al., 2020; Che et al., 2016).  
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Figure 4.6 XPS survey spectrum of the prepared AgFeO2 calcined at different 
temperatures. 
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Figure 4.7 XPS spectrum at Ag 3d of all the prepared AgFeO2. 
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Figure 4.8 XPS spectrum at Fe 2p of all the prepared AgFeO2 samples. 
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Figure 4.9 XPS spectrum at O 1s of all the prepared AgFeO2 samples. 
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4.1.3 Surface area, pore volume and distribution of pore size study of 
AgFeO2 nanoparticles by BJH and BET methods 

The pore size distribution (inset) and N2 adsorption-desorption isotherm of 
the prepared samples are depicted in Figure 4.10(a-e). N2 adsorption-desorption 
isotherm results show a small hysteresis loop seeming in the 0 to 1 range which 
demonstrated that all the AgFeO2 sample is related to the typical characteristic of 
mesoporous material. BJH approach was utilized to calculate the total pore volume 
and pore size distribution of the synthesized samples which confirmed that the 
samples have a typical attribute of mesoporous materials with the value of pore 
diameter in range of 2-50 nm corresponding to the adsorption-desorption isotherm of 
N2. Additionally, the specific surface area of AgFeO2 nanoparticles was estimated by 
BET method. The BET specific surface area (SBET) values of 28.22, 27.22, 23.47, 22.45, 
and 21.92 m2/g were found to be the samples calcined at 100, 200, 300, 400, and 
500oC, respectively. When the calcination temperatures increase, the BET specific 
surface area seems to decrease. These may be owing to the particle size expanding 
at the higher temperature. Moreover, the samples calcined at the temperatures of 
100, 200, 300, 400, and 500oC exhibit the average pore size diameter (Davg) and BJH 
pore volume (VBJH) values of 18.95 nm and 0.134 cm3/g, 19.48 nm and 0.133 cm3/g, 
23.52 nm and 0.132 cm3/g, 22.46 nm and 0.131 cm3/g and 22.52 nm and 0.123 cm3/g, 
respectively. Table 4.2 provides the average pore size diameter, BET specific surface 
area, and BJH pore volume values. According to the report of Naveen, Gurudatt and 
Shim (Naveen, Gurudatt, and Shim, 2017), the high specific surface area provides the 
good electrochemical performance due to their excellent ion diffusion between 
electrode material and electrolyte and resulting in the high specific capacitance. 
Based on these results, it reveals the different calcination temperatures of AgFeO2 
nanoparticles affect their physical properties including the specific surface area, pore 
volume and pore size distribution. 
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Figure 4.10 The pore size distribution (inset) and N2 adsorption/desorption isotherm 
of the AgFeO2 samples calcined at (a) 100oC, (b) 200oC, (c) 300oC, (d) 400oC, and (e) 
500oC. 
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Figure 4.10 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherm of the AgFeO2 samples calcined at (a) 100oC, (b) 200oC, (c) 
300oC, (d) 400oC, and (e) 500oC. 
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Figure 4.10 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherm of the AgFeO2 samples calcined at (a) 100oC, (b) 200oC, (c) 
300oC, (d) 400oC, and (e) 500oC. 

Table 4.3 Porosity parameters of AgFeO2. 

Conditions SBET (m2/g) VBJH (cm3/g) Davg (nm) 
100 ˚C 28.22 0.134 18.95 
200 ˚C 27.22 0.133 19.48 
300 ˚C 23.45 0.132 23.52 
400 ˚C 22.47 0.131 22.46 
500 ˚C 21.92 0.123 22.52 
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4.1.4 Electrochemical performance of AgFeO2 nanoparticles 

4.1.4.1 Cyclic voltammetry performance  

 To analyze electrochemical performance of AgFeO2 nanoparticles, CV 

technique was employed to examine. The cyclic voltammetry (CV) testing of AgFeO2 

electrode was measured under the potential ranging from -1.16 V to 0.35 V at 2 mV/s 

to 100 mV/s scan rates in 3 KOH electrolyte. Figure 4.11(a-e) presents the CV cures of 

all the AgFeO2 electrodes at the various scan rates of 2-100 mV/s. Based on the 

results as seen in Figure 4.11(a-e), the CV curves of the electrodes perform the 

typical characteristic of pseudocapacitor with the clarity of redox peaks. The CV 

curve of all the AgFeO2 nanoparticles show the four reduction-oxidation peaks at the 

potential values of -1.10 V, -0.73 V, 0.05 V and 0.25 V. The reduction-oxidation peaks 

at the potential of -1.10 V and -0.73 V reveal the oxidative transformation between 

the reduction-oxidation pairs of Fe3+ and Fe2+ (Wongpratat et al., 2020; Pai et al., 

2018). Additionally, the oxidative transformation between the reduction-oxidation 

pairs of Ag and Ag+ associate with the redox peaks at the potential of 0.05 V and 0.25 

V (Anderson et al., 2017; Van der Horst et al., 2015). The reversible redox reaction of 

the reduction-oxidation pairs of the oxidative transformation between Ag and Ag+ 

and Fe3+ and Fe2+ can be explained by the equations as follow: 

Ag ⇌ Ag+ + e-                                                                                    (4.1)                

or 

Ag2O + H2O + 2e- ⇌ Ag + 2OH-                                                            (4.2) 

And 

Fe2+ ⇌ Fe3+ + e-                                                                                                                         (4.3) 

or 

Fe(OH)2 ⇌ FeOOH (2FeOOH ⇌ Fe2O3.H2O)                                             (4.4) 
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For all the AgFeO2 electrodes, the anodic and cathodic peaks position shift 
with the increasing. These provide the high-rate performance and excellent 
electrochemical reversibility (Peng and Tarleton, 2015). According to the CV curve of 
all the samples, the specific capacitance value can be estimated by using the 
equation 3.17, as seen in Figure 4.12. With an increase in the ranging from 2 to 100 
mV/s scan rate, the specific capacitance of all the synthesized AgFeO2 samples 
exhibited a decrease. This can also be observed in pseudocapacitive electrode 
material when the scan rate is high, as restricts the time available for ion diffusion at 
the surface of the AgFeO2 electrode. At the 2 mV/s scan rate, the calculated values 
of specific capacitance are 358.32, 324.76, 319.64, 332.21 and 318.55 F/g were 
received from the samples calcined at 100, 200, 300, 400, and 500oC, respectively. 
According to these specific capacitance values, the sample calcined at the 
temperature of 100oC provides the highest specific capacitance value may owing to 
its highest 2H phase percentage (70.06%) and BET specific surface area which results 
in good ion diffusion between the electrode material and electrolyte (Zhu et al., 
2014; Padmanathan and Selladurai, 2014). 
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Figure 4.11 CV curves at ranging from 2 mV/s to 100 mV/s scan rates of the prepared 
AgFeO2 nanoparticles calcined at at (a) 100°C, (b) 200°C, (c) 300°C, (d) 400°C, and     
(e) 500°C.  
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Figure 4.12 The calculated specific capacitance at the various scan rates of the 
synthesized AgFeO2 nanoparticle calcined at different temperatures. 

4.1.4.2 Galvanostatic charge discharge measurement 

The results of GCD measurement of the AgFeO2 samples which 
represented by the curves as the function of the ranging from 1 A/g to 20 A/g current 
densities are displayed in Figure 4.13(a-e). The GCD curves of all the AgFeO2 
electrodes indicate the behavior of pseudocapacitive communicating with the cyclic 
voltammetry measurement. The discharge curves of the GCD testing were utilized to 
evaluate the specific capacitance values of all the AgFeO2 samples by applying 
equation 3.18. The calculated specific capacitance values of all the samples are 
displayed in Figure 4.14 which shows that when the current density increases with 
the decrease of specific capacitance value. The specific capacitance at different 
current densities is summarized in Table 4.3. This could be assigned to the rise in 
internal resistance and polarization of the AgFeO2 electrode. The values of specific 
capacitance of 229.71, 223.32, 208.61, 195.60, and 168.96 F/g were found to be the 
samples calcined at temperatures of 100, 200, 300, 400, and 500˚C, respectively at 
the low current density of 1 A/g. This correlates with the values of specific 
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capacitance calculated from the CV results. The highest value of specific capacitance 
of 229.71 F/g was observed for the AgFeO2 calcined at 100˚C which has the smallest 
particle size providing the highest BET specific surface area value and active area of 
faradaic reversible reduction-oxidation reaction. 

Moreover, for the cyclic stability analysis of all the AgFeO2 electrodes, the 
capacitance retention was tested employing the continuous charge-discharge 
measurement at the 5 A/g current density for 1000 cycles in 3 M KOH electrolyte 
under the potential window between -1.16 to 0.4 V. As seen in Figure 4.15, the 
capacitance retention (%) of AgFeO2 samples decrease with increasing the cycle 
number. The samples calcined at 100, 200, 300, 400, and 500˚C exhibit the 
capacitance retention of 82.99, 81.05, 80.54, 79.59, and 77.54%, respectively after 
charging/discharging of 1000 cycle. It shows that the prepared sample calcined at the 
temperature of 100˚C performs good electrochemical property with highest specific 
capacitance value and longer life cycle. The summarized results of the calculated 
specific capacitance values received from GCD method are present in Table 4.3  
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Figure 4.13 Galvanostatic charge/discharge plot of the AgFeO2 sample at the various 
current densities of 1, 2, 5, 10, and 20 A/g. 
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Figure 4.14 The calculated specific capacitance at the various current density of 1, 2, 
5, 10 and 20 A/g of the synthesized AgFeO2 nanoparticle calcined at different 
temperatures. 

 
 

Figure 4.15 Capacitance retention (%) after 1000 cycles at 5 A/g of the AgFeO2 
electrodes calcined at different temperatures. 
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Table 4.4 The summarized results of the calculated specific capacitance values of 
AgFeO2 electrode received from GCD method. 

Current 
density (A/g) 

Specific capacitance at various calcination temperatures (F/g) 
100˚C 200˚C 300˚C 400˚C 500˚C 

1 229.71 223.32 208.6 195.60 168.96 
2 180.17 170.66 172.12 165.55 121.54 
5 159.87 154.68 154.95 148.14 103.85 
10 140.20 138.3 135.04 127.17 79.26 
20 110.28 109.43 100.09 93.72 55.73 

 

4.1.4.3 Electrochemical impedance spectroscopy analysis 

Electrochemical impedance spectroscopy (EIS) measurement was studied 
at the frequency range of 10 mHz to 1000 KHz with the potential of 10 mV. In the 
region of high frequency, EIS curves of all AgFeO2 samples provide an incomplete 
semicircle as seen in Figure 4.16 which is the resistance feature at the electrolyte-
oxide interface. At high frequency, the intercept on the real axis (𝑍′) gives the 
solution resistance (𝑅௦) or the equivalence series resistance (𝑅௦). The solution 
resistance (𝑅௦) values of 1.24, 1.63, 1.39, 1.38 and 1.65  were obtained for the 
AgFeO2 calcined at the temperatures of 100, 200, 300, 400 and 500˚C, respectively. 
ON the other hands, the resistance of charge transfer (𝑅௧) is represented by the 
diameter of semicircle. The slopping line at the low frequency indicated the 
presence of Warburg impedance (𝑊), which signifies the diffusion of the electrolyte 
ion within the electrode material.  Based on the Nyquist plots, the samples calcined 
at the temperatures ranging from 100 to 500˚C exhibited very low charge transfer 
resistance (𝑅௧) values because it shows the small semicircle in the middle 
frequency range. Interesting, the lowest solution resistance (𝑅௦) value of the sample 
calcined at 100˚C provided the highest value of specific capacitance while the 
sample calcined at 500˚C shows the highest 𝑅௦ value resulting in the lowest specific 
capacitance value. This work implied that the AgFeO2 nanoparticles can be utilized 
as electrode material for the energy storage applications. 
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Figure 4.16 Nyquist plots of AgFeO2 samples calcined at various temperatures. 

4.1.4.4 Specific energy and specific power study  

The Ragone plot is commonly used to represent the energy storage device 

performance. It exhibits the correlation between the specific power and specific 

energy at the different current densities ranging from 1 A/g to 20 A/g, as seen in 

Figure 4.17. The specific energy seems to decrease with increasing calcination 

temperature. Specifically, at a current density of 1 A/g, the sample calcined at 100, 

200, 300, 400 and 500˚C yielded specific energies and specific power values of 72.74 

Wh/Kg and 797.46 W/Kg, 66.06 Wh/Kg and 791.17 W/Kg, 53.86 Wh/Kg and 788.39 

W/Kg, 61.94 Wh/Kg and 789.75 W/Kg, and 53.50 Wh/Kg and 599.67 W/Kg, respectively. 

This indicates that AgFeO2 nanoparticles have potential as electrode materials for 

energy storage technology.    
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Figure 4.17 The specific energies and their corresponding specific powers of AgFeO2 

nanostructures at different current densities ranging from 1 to 20 A/g. 
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4.2 Co-doped AgFeO2 nanoparticles 

4.2.1 Structure and morphologies analysis of the Co-doped AgFeO2 
nanoparticles by XRD, TEM and SEM  

Figure 4.18 represents the XRD patterns of the synthesized AgFe1-xCoxO2 
nanoparticles with x = 0.00, 0.05, 0.10, 0.15 and 0.20. Regarding the undoped 
condition (x = 0.00), the presence of the dalafossite AgFeO2 phases of 2H (PDF2 No: 
00-029-1141) and 3R (PDF2 No: 00-018-1175) was confirmed, indicating its purity. 
Upon comparing the obtained pattern with the database standards representing the 
rhombohedral 3R-AgFeO2 and hexagonal polytype 2H-AgFeO2, it was confirmed that 
both phases mixture was achieved. When analyzing the prepared AgFe1-xCoxO2 
samples with the different concentration of cobalt (x = 0.05, 0.10, 0.15, 0.20), their 
patterns exhibited similarities. The only observed difference were in broadening of 
the diffraction peaks and the intensity. The values of lattice parameter value of a = 
3.041 A˚ and c = 18.550 A˚ were found for 2H phase while 3R phase shows the 

values of lattice parameter values of a = 3.041 A˚ and c = 18.550 A˚. The observation 
reveals that the peaks associated with the (001) family are distinct and clearly 
defined. Even though there are additional peaks present in the XRD spectra of the 
doped samples, which could be attributed to metallic silver (shown as red markers in 
Figure 4.18), there are no indications of impurity phases like metallic cobalt, CoO, 
Fe2O3, or CoFe2O4 spinel. These impurity phases typically form under condition 
similar to the synthesis of AgFeO2. The absence of cobalt-related phases suggests 
that cobalt ions might substitute iron ions within the delafossite crystal structure. 
Nonetheless, the presence of metallic silver comes as a surprising observation when 
considering the assumption that Co2+ would replace Fe3+ ions during substitution. 
However, since cobalt (II) nitrate was applied as the starting material in the synthesis 
process, proposes that in this specific case, divalent cobalt ions could substitute 
trivalent iron ions. This presumption could account for the occurrence of metallic 
silver as a secondary phase (Siedliska et al., 2019). 
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Figure 4.18 XRD patterns of the AgFe1-xCoxO2 nanoparticles. 

Additionally, the images of FESEM were employed to study the structural 
and morphologies of the Co-doped AgFeO2 samples, as shown in Figure 4.19(a-e). 
FESEM result shows that the size of particle range seems to reduce with increasing 
the Co concentration. At the different doping concentrations, FESEM images of  
AgFe1-xCoxO2 samples with Co concentration x = 0.00, 0.05, 0.10, 0.15, 0.20 exhibited 
the mean particle sizes of 45, 22, 20, 17, and 21 nm, respectively. Moreover, TEM 
results were employed to demonstrate the morphologies and structure of        
AgFe1-xCoxO2 samples. Figure 4.20(a-j) interprets the images of TEM with the 
associating SAED and HRTEM images of Co-doped AgFeO2 nanoparticle with different 
doping concentrations. The bright field TEM images represent the particle size of all 
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the samples in nanometer range. Furthermore, the corresponding SAED and high-
resolution TEM images reveal the presence of delafossite AgFeO2 phase which 
communicates to the XRD results.  

  

  

  

 

 

 

Figure 4.19 The images of FESEM of AgFe1-xCoxO2 samples: (a) x = 0.00, (b) x= 0.05, (c) 
x = 0.10, (d) x= 0.15 and (e) x = 0.20. 

 

(a) (b) 

(c) (d) 

(e) 

100 nm 100 nm 

100 nm 100 nm 

100 nm 

 



78 
 

  

  

  

  
 

Figure 4.20 TEM images and associating SAED of AgFe1-xCoxO2 nanoparticle: (a,b)       
x = 0.00, (c,d) x= 0.05, (e,f) x = 0.10, (g,h) x = 0.15, and (i,j) x = 0.20. 
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Figure 4.20 (Continued) TEM images and SAED of AgFe1-xCoxO2 nanoparticle: (a,b)      
x = 0.00, (c,d) x= 0.05, (e,f) x = 0.10, (g,h) x = 0.15, and (i,j) x = 0.20. 

4.2.2 Oxidation state and surface chemical composition study of Co-doped 
AgFeO2 nanoparticles by XAS and XPS 

The technique of XANES was employed to examined the Ag, Fe and Co 
oxidation states in AgFe1-xCoxO2 samples. The XANES spectra of standard sample of 
Ag foil (Ag0), Ag2O (Ag+), AgO (Ag2+), Fe foil (Fe0), FeO (Fe2+), Fe2O3 (Fe3+), Co foil, CoO 
(Co2+), Co3O4 (Co2+,3+), and LiCoO3 (Co3+) were employed to analyze the AgFe1-xCoxO2 
(x = 0.00, 0.05, 0.10, 0.15, 0.20) nanoparticles. Basically, the Ag, Fe and Co oxidation 
states were indicated by the edge position shift. Figure 4.21(a), 4.22(a-b) and 4.23(a-b) 
show the normalize XANES spectrum and first derivative plot at Ag L3-edge, Co K-
edge, and Fe K-edge of the Co-doped AgFeO2 nanoparticles, respectively. According 
to the normalized XANES with the associating first derivative at Ag L3-edge of Co-
doped AgFeO2 nanoparticles, their edge positions were located closing to the 
standard sample of Ag2O (Ag+). These show that Ag in the Co-doped AgFeO2 
nanoparticles exist the mixing oxidation number of +1. At Fe K-edge for the XANES 
spectra in the AgFe1-xCoxO2 samples, the edge positions were very close to the the 
reference sample of Fe2O3 (Fe3+). It reveal that the Fe ions valence state in the Co-
doped AgFeO2 samples is +3. At Co K-edge for all samples, the normalized XANES 
spectra exhibited the egdge position are similar to the edge position of LiCoO2 (Co3+) 
reference sample. This provides an information of oxidation state of Co is 
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approximately +3. The valence states of Ag, Fe and Co and their energy edge positon 
were summarized in Table 4.4. 

 
 

 
 
 

 
Figure 4.21 (a) Normalized XANES spectrum plot at Ag L3-edge of Co-doped AgFeO2 
nanoparticles. 
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Figure 4.22 (a) Normalized XANES with (b) the associating first derivative plot at Fe K- 
edge of AgFe1-xCoxO2 with different concentration. 
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Figure 4.23 (a) Normalized XANES with (b) the first derivative plot at Co K-edge of 
AgFe1-xCoxO2 with different concentration. 
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Table 4.5 Energy edge position and corresponding valence states of the reference 
standard and AgFe1-xCoxO2 samples. 

Samples Edge element Edge energy (E) (eV) Oxidation state 
Ag foil Ag 3351.30 +0 
Ag2O Ag 3349.39 +1 
AgO Ag 3348.11 +2 

Fe foil Fe 7111.65 +0 
FeO Fe 7119.89 +2 

Fe3O4 Fe 7123.23 +2, +3 
Fe2O3 Fe 7126.76 +3 
Co foil Co 7708.77 +0 
CoO Co 7716.84 +2 

Co3O4 Co 7721.95 +2, +3 
LiCoO2 Co 7725.56 +3 
x = 0.00 Ag 

Fe 
3350.48 
7126.57 

 +1 
+3 

x = 0.05 Ag 
Fe 
Co 

3350.87 
7126.45 
7724.72 

+1 
+3 
+3 

x = 0.10 Ag 
Fe 
Co 

3350.63 
7127.50 
7724.92 

+1 
+3 
+3 

x = 0.15 Ag 
Fe 
Co 

3350.29 
7126.48 
7725.14 

+1 
+3 
+3 

x = 0.20 Ag 
Fe 
Co 

3350.56 
7126.55 
7725.35 

+1 
+3 
+3 
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Moreover, the XPS technique was employed to analyzed the elemental 
composition and valence state of the Co-doped AgFeO2 nanoparticles. For fitting the 
Ag 3d spectra of all the AgFeO2 samples, the Gaussian fitting technique was 
employed. Figure 4.24 displays the XPS results of Ag 3d core level of all the Co-
doped AgFeO2 samples. The binding energy values of 367.03 eV and  373.01 eV 
were found for Ag 3d5/2 and Ag 3d3/2, respectively which attributes to Ag+1 (Mao et al., 
2016; Zhou et al., 2011). According to these results, Ag in the AgFe1-xCoxO2 (x = 0.00, 
0.05, 0.10, 0.15, 0.20) nanoparticles cosist the oxidation states ofAg1+. In terms of the 
XPS spectrum of Fe 2p, the configuration of electronic of Fe atoms in the states of 
2p3/2 and 2p1/2 was discerned at  712 eV and  725 eV binding energies, 
respectively, with a gap of 13 eV. Additionally, two satellite peaks (referred to as 
"Sat.") were observed (Figure 4.25). The presence of two main peaks at 711 eV (Fe 
2p3/2) and 724 eV (Fe 2p1/2) within the AgFeO2 delafossite samples served to 
confirm the oxidation state of Fe3+ (Ahmed et al., 2020; Yamashita and Hayes, 2008; 
Mills and Sullivan, 1983; Hawn and DeKoven, 1987; Muhler, Schlögl, and Ertl, 1992). 
For the XPS spectra of Co 2p, two main peaks were found at  780 eV and 795 eV  
(Figure 4.26) which corresponds to the Co atom electronic configuration in the Co 
2p3/2 and Co 2p1/2, respevtively. This shows the presence of Co3+ cation in the Co-
doped AgFeO2 nanoparticles (Huang et al., 2017).  Through the outcomes of O 1s 
fitting, the main peak were identified at 531 eV which reffers to lattice oxygen within 
the AgFeO2 delafossite structure and  the shoulder located at  533 eV associating 
with OH- group (Ahmed et al., 2020; Che et al., 2016) (Figure 4.27). 
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Figure 4.24 XPS spectrum of AgFe1-xCoxO2 samples at Ag 3d with different Co 
concentrations. 

 

 



86 
 

 
 

Figure 4.25 XPS spectrum of AgFe1-xCoxO2 nanoparticles at Fe 2p with different Co 
concentrations. 

 
 

 



87 
 

 
 

Figure 4.26 XPS spectrum of AgFe1-xCoxO2 samples at Co 2p with different Co 
contents. 
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Figure 4.27 XPS spectra of AgFe1-xCoxO2 samples at O 1s with various Co 
concentrations. 
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4.2.3 Surface area, pore volume and distribution of pore size study of     
Co-doped AgFeO2 nanoparticles by BJH and BET methods 

The BET and BJH methods were used to study the pore structure and 
specific surface area of the Co-doped AgFeO2 nanoparticles with different Co content 
ranging from x = 0.00 to x = 0.20. Figure 4.28(a-e) represents the distribution of pore 
size (inset) and N2 adsorption/desorption isotherms. The N2 isotherms of the     
AgFe1-xCoxO2 samples show the minor hysteresis loop within the 0 to 1 range, which 
is a characteristic indicator of a mesoporous material. According to the results of BET 
method, the values of BET specific surface area (SBET) of 28.22, 37.94, 41.24, 85.88 
and 52.29 m2/g were computed for the Co-doped AgFeO2 sample with x = 0.00, 0.05, 
0.10, 0.15 and 0.20, respectively. By increasing the Co concentration from 0.00 to 
0.15, the values of BET specific surface area show an upward trend, primarily because 
of a reduction in particles size. On the contrary, the sample containing Co at a 
concentration of 0.20 exhibits a reduction in specific surface area. This reduction 
might be attributed to the substantial aggregation of nanoparticles. As presented in 
Figure 4.26(a-e) (inset), the presence of the distribution of pore size spanning from 2 
to 50 nm is also indicative of a characteristic trait commonly found in mesoporous 
materials. By using the BJH method, the samples with x= 0.00, 0.05, 0.10, 0.15 and 
0.20 show the values of mean pore size (Davg) of 18.95, 14.37, 12.90, 11.23 and 12.94 
nm, respectively. The results of the pore volume (VBJH), specific surface, and the 
distribution of pore size analysis are listed in Tables 4.5. According to these results, it 
reveals that the Co concentration affects the porosity properties of delafossite 
AgFeO2 nanoparticles which might be resulted in their electrochemical performance.   
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Figure 4.28 The pore size distribution (inset) and N2 adsorption-desorption isotherms 
and of AgFe1-xCoxO2 with (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 
0.20. 
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Figure 4.28 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherms and of AgFe1-xCoxO2 with (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, 
(d) x = 0.15 and (e) x = 0.20. 
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Figure 4.28 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherms and of AgFe1-xCoxO2 with (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, 
(d) x = 0.15 and (e) x = 0.20. 
Table 4.6 The values of specific surface area, pore volume and pore size of the 
AgFe1-xCoxO2  

Condition SBET (m2/g) VBJH (cm3/g) Davg (nm) 
x = 0.00 28.22 0.134 18.95 
x = 0.05 37.94 0.170 14.37 
x = 0.10 41.24 0.215 12.94 
x = 0.15 85.88 0.344 11.23 
x = 0.20 52.29 0.234 12.90 

 
4.2.4 Electrochemical performance of Co-doped AgFeO2 nanoparticles 

4.2.4.1 Cyclic voltammetry performance 

The electrochemical behavior and specific capacitance value of the Co-
doped AgFeO2 electrode were studied by the technique of CV. As displayed in Figure 
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4.29(a-e), the window of potential range between -1.16 V to 3.5 V was used in the CV 

performance of the AgFe1-xCoxO2 electrode with the ranging from 2 mV/s to 100 mV/s 

various scan rates in 3M KOH electrolyte. The CV results of all the AgFe1-xCoxO2 

electrodes exhibit redox peaks, suggesting that the observed pseudocapacitor 

behavior is a result of faradaic redox reactions involving A/Ag+, Fe2+/Fe3+ and 

Co2+/Co3+, consistent with prior reports (Wongpratat et al., 2020; Pai et al., 2018; Tang 

et al., 2020). The equations below elucidate the reversible redox reaction involving 

the transformation between Ag and Ag+, Fe2+ and Fe3+ and Co2+ and Co3+ in oxidative 

processes: 

Ag ⇌ Ag+ + e-                                                                                     (4.5)                  

or 

Ag2O + H2O + 2e- ⇌ Ag + 2OH-                                                             (4.6) 

Fe2+ ⇌ Fe3+ + e-                                                                                                                       (4.7) 

or 

Fe(OH)2 ⇌ FeOOH (2FeOOH ⇌ Fe2O3.H2O)                                              (4.8) 

And 

Co2+ ⇌   Co3+ + e-                                                                               (4.9) 

or                                               

Co(OH)2 ⇌ CoOOH (2CoOOH ⇌ Co2O3.H2O)                                          (4.10) 

The position of the cathodic and anodic peaks of the curves of CV 

technique shifts with increasing the scan rate. This demonstrates good high-rate 

performance and excellent electrochemical reversibility of the material’s electrode. 

The calculated values of specific capacitance of the AgFe1-xCoxO2 sample are 

exhibited Figure 4.29(f) at the various scan rates ranging from 2 to 100 mV/s. The high 

values of specific capacitance of 358.32, 372.64, 386.80, 396.96 and 388.89 F/g were 

calculated for the AgFe1-xCoxO2 with different concentration of x = 0.00, 0.05, 0.10, 
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0.15 and 0.20, respectively, at a low scan rate of 2 mV/s. As the scan rates is raised 
from 2 to 100 mV/s, the calculated specific capacitance values of all the samples 
declines. This decline occurs because at the higher scan rates, ion becomes 
restricted mainly to the electrode’s surface, thereby dominating EDLCs characteristics 

over pseudocapacitive characteristics. The specific capacitance value shows an 
upward trend with various Co concentrations from 0.05 to 0.15, followed by a 
decline at x = 0.20. This pattern can be attributed to the increase in total pore 
volume and BET specific surface area in the samples from 0.05 to 0.15, resulting in a 
greater number of active sites conductive to faradaic redox reactions (Zhu et al., 
2014; Padmanathan and Selladurai, 2014). However, this trend reverses for the Co 
content with x = 0.20 where both the BET specific surface area and pore volume 
decrease leading to a reduced number of the active sites for these reasons. 

 

  
 
Figure 4.29 CV curves of Co-doped AgFeO2 nanoparticles at different scan rates with 
(a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) The values of 
calculated specific capacitance. 
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Figure 4.29 (Continued)  CV curves of Co-doped AgFeO2 nanoparticles at different 
scan rates with (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) 
The values of calculated specific capacitance. 

4.2.4.2 Galvanostatic charge discharge measurement 

In Figure 4.30(a-e), it presents the results of galvanostatic charge-discharge 
(GCD) technique for the AgFe1-xCoxO2 nanoparticles at the various current densities 
ranging from 1 to 20 A/g under the potential between 1.16 V to 3.5 V in a 3M KOH 
solution. The GCD curves for all the samples demonstrate a pseudocapacitive 
behavior, consistent with the observation from CV measurement. The GCD test 
discharge curves were employed to assess the specific capacitance values for the 
AgFe1-xCoxO2 electrode. Figure 4.30(f) displays the computed specific capacitance 
values for all the synthesized samples. It is evident from the figure that as the 
current density rises, there is a corresponding decrease in the value of specific  
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capacitance. This phenomenon can be ascribed to an increase in the internal 
polarization and resistance of the AgFe1-xCoxO2 samples. At a 1 A/g current density, 
the values of specific capacitance of 229.71, 230.89, 233.36, 284.04 and 233.11 F/g 
were discovered for the Co-doped AgFeO2 with Co concentration of x = 0.00, 0.05, 
0.10, 0.15, and 0.20 respectively. Table 4.6 lists the specific capacitance at various 
current density. This trend aligns with the specific capacitance values calculated from 
the cyclic voltammetry measurement. Notably, the highest specific capacitance value 
of 284.04 F/g was observed for sample with x = 0.15 which featured the highest 
value of BET specific surface area resulting in the reach active sites for faradiac 
reversible redox reactions.  

 

  

  
 

Figure 4.30 GCD plot of Co-doped AgFeO2 nanoparticles with (a) x = 0.00, (b) x = 
0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) the specific capacitance values at 
various current densities. 

 



97 
 

  
 

Figure 4.30 (Continued) GCD curves of Co-doped AgFeO2 nanoparticles with (a) x = 
0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20 and (f) the specific capacitance 
values at various current densities. 

Table 4.7 List of the specific capacitance values of Co-doped AgFeO2 nanoparticles 
where Co concentrations of x = 0.00, 0.05, 0.10, 0.15 and 0.20 calculated employing 
GCD technique. 

Current 
density 
(A/g) 

Specific capacitance at various Co concentrations (F/g) 
x = 0.00 x = 0.05 x = 0.10 x = 0.15 x = 0.20 

1 229.71 230.89 233.36 284.04 233.11 
2 180.17 181.10 189.62 195.06 185.45 
5 159.87 158.94 160.42 165.35 164.09 
10 140.20 143.42 145.60 149.79 139.75 
20 110.28 118.35 121.13 129.63 100.67 

 

Furthermore, the durability of the Co-doped AgFeO2 nanoparticles was 
conducted through a continuous 1000 cycles charge-discharge experiment which 
assessed at a 5 A/g current density. However, In Figure 4.31, the capacity retention of 
the AgFe1-xCoxO2 electrode is presented after completing 1000 charge-discharge 
cycles. The results reveal that the AgFe1-xCoxO2 samples with different concentration 
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of x = 0.00, 0.10, 0.15 and 0.20 display the retention of capacitance values of 82.99, 
83.75, 83.85, 84.19 and 83.17%, respectively. This result indicates that the 
AgFe0.85Co0.15O2 electrode exhibits superior capacitance and improved rate capability.  

 

 
 

Figure 4.31 Capacitance retention (%) of AgFe1-xCoxO2 electrodes with Co 
concentrations spanning from x = 0.00 to 0.20. 

 

4.2.4.3 Electrochemical impedance spectroscopy study 

The study involved the electrical conducting property of the electrode, EIS 
experiment within a frequency rang spanning from 10 mHz to 1000 KHz, while 
maintaining a potential of 10 mV were studies. In the region of high-frequency, the 
EIS curve for all the Co-doped AgFeO2 nanoparticles exhibit an incomplete semicircle 
pattern, as depicted in Figure 4.32. This pattern is indicative of resistance at the 
interface between the electrolyte and the oxide. Specifically, at high frequency, the 
point where the curve intersects the real axis (𝑍′) correspond to the solution 
resistance  (𝑅௦) or equivalent resistance (𝑅௦). For the AgFe1-xCoxO2 samples with 
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the contents of x = 0.00, 0.05, 0.10, 0.15 and 0.20, respective solution resistance (𝑅௦) 
values of 1.24, 1.21, 1.19, 1.15 and 1.18  were obtained. Conversely, the charge 
transfer resistance (𝑅௧) is represented by the diameter of the semicircle. 
Additionally, the stopping line in the low frequency range suggests the presence of 
Warburg impedance (𝑊), indicating the diffusion of electrolyte ions within the 
electrode material. Based on the Nyquist plots, it was observed that all the Co-
doped AgFeO2 samples show the low charge transfer resistance (𝑅௧) value, as 
evidenced by the small semicircles in the middle-frequency range. Notably, the 
sample with x = 0.15 displayed the lowest solution resistance (𝑅௦) value. which 
suggests that AgFe0.85Co0.15O2 nanoparticles have potential utility as electrode 
material in energy storage device. 

 

 
 

Figure 4.32 EIS curves of Co-doped AgFeO2 nanoparticles with different Co contents. 
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4.2.4.4 Specific energy and specific power study  

Energy storage device performance is commonly evaluated using the 
Ragone plot, which visually represents the relationship between specific energy and 
specific energy. This approach is widely accepted for gauging their efficiency. Across 
various current densities ranging from 1 to 20 A/g, it is evident that specific energies 
seem to increase with raising the Ni concentrations from 0.00 to 0.15. As 
demonstrated in Figure 4.33, the specific energies and specific power values of Co-
doped AgFeO2 nanoparticles obtained were as follows: at x = 0.00, 72.74 Wh/Kg and 
797.46 W/Kg; at x = 0.05, 73.12 Wh/Kg and 787.52 W/Kg; at x = 0.10, 73.90 Wh/Kg and 
769.57 W/Kg; at x = 0.15, 89.95 Wh/Kg and 769.47 W/Kg; and at x = 0.20, 73.82 Wh/Kg 
and 785.93 W/Kg, all at 1 A/g current density.    

 

 
 

Figure 4.33 Specific energies and corresponding specific power of Co-doped AgFeO2 
nanoparticles at current densities of 1, 2, 5, 10 and 20 A/g. 
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4.3 Ni-doped AgFeO2 nanoparticles 

4.3.1 Structure and morphologies analysis of the Ni-doped AgFeO2 
nanoparticles by XRD, TEM and SEM 

X-ray diffraction (XRD) patterns of the AgFe1-xNixO2 nanoparticles with x = 
0.00, 0.05, 0.10, 0.15 and 0.20 are illustrated in Figure 4.34. After comparing the 
acquired pattern with the reference standard in the database for both hexagonal 
polytype 2H (PDF2 No: 00-029-1141) and the rhombohedral 3R (PDF2 No: 00-018-
1175), it was verified that a mixture of both phases has been successfully achieved. 
The successful replacement of Fe ions with Ni ions in the delafossite structure is 
affirmed by the absence of NiO oxide. However, since we utilize Nickel (II) nitrate as 
the raw material in the synthesis process, we hypothesize that, in our specific 
situation, trivalent Fe ions were substituted by divalent Ni ions. 

Moreover, the structures and morphologies of the Ni-doped AgFeO2 with 
different concentrations of Ni were examined by TEM and FESEM. Figure 4.35(a-e) 
displays field-emission scanning electron microscopy (FESEM) images of all the Ni-
doped AgFeO2 nanoparticles which shows the agglomeration between the 
nanoparticles with flower-like microarchitecture. These images illustrate that the 
synthesized AgFe1-xNixO2 samples with x = 0.00, 0.05, 010, 0.15 and 0.20 exhibit the 
mean size of particle values of 45, 28, 23, 20 and 27 nm, respectively. Observing the 
trend, it becomes apparent that as the concentration of Ni doping increases, the 
average particle size notably diminishes. Figure 4.36(a-o) presents the images of TEM 
with the associating selected area electron diffraction and HRTEM images of Ni-doped 
AgFeO2 samples. TEM bright field images demonstrate the average particle size in 
nanometer range. However, the selected area electron diffraction patterns show ring 
with spotty, which strongly indicate the nature of polycrystalline of delafossite 
AgFeO2 sample. This observation is associated with XRD results. Additionally, HRTEM 
images attributes to the d-spacing values of 0.229, 0.227, 0.225, 0.216 and 0.219 nm 
for AgFe1-xNixO2 samples with various Ni content of x = 0.00, 0.05, 0.10, 0.15 and 0.20, 
respectively.   

 



102 
 
 

 

 
 

Figure 4.34 XRD patterns of AgFe1-xNixO2 nanostructures with various Ni 
concentrations. 
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Figure 4.35 The images of FESEM of AgFe1-xNixO2 samples: (a) x = 0.00, (b) x = 0.05,   
(c) x = 0.10, (d) x = 0.15 and (e) x = 0.20. 
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Figure 4.36 TEM images and associating SAED of AgFe1-xNixO2 nanoparticle: (a,b,c)  

x = 0.00, (d,e,f) x = 0.05, (g,h,i) x = 0.10, (j,k,l) x = 0.15 and (m,n,o) x = 0.20. 
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Figure 4.36 (Continued) TEM images and associating SAED of AgFe1-xNixO2 
nanoparticle: (a,b,c) x = 0.00, (d,e,f) x = 0.05, (g,h,i) x = 0.10, (j,k,l) x = 0.15 and (m,n,o) 
x = 0.20. 

4.3.2 Oxidation state and surface chemical composition study of Ni-doped 
AgFeO2 nanoparticles by XAS and XPS 

The Ag, Fe, and Ni oxidation states in the AgFe1-xNixO2 with variuos 
concentration of Ni were computed by the technique of X-ray absorption near edge 
structure (XANES). To accumplish this, XANES spectra obtained from reference 
samples including Ag foil (Ag0), Ag2O (Ag+), AgO (Ag2+), Fe foil (Fe0), FeO (Fe2+), Fe2O3 
(Fe3+), Ni foil and  NiO (Ni2+) were employed for the analysis of the AgFe1-xNixO2 
nanoparticles with x = 0.00, 0.05, 0.10, 0.15 and 0.20. Essentially, the oxidation states 
of Ag, Fe and Ni can be identified by their observing shift of the edge position. The 
spectra of normalized XANES and the associating first derivative at the Ag L3-edge, Ni 
K-edge and Fe K-edge are presented in figure 4.37(b), 4.38(a,b) and 4.39(a,b), 
respectively. Forvthe normalized XANES plot at the Ag L3-edge of the Ni-doped 
AgFeO2 samples, it was observed that their edge position fell similarly to the 
standard sampless of Ag2O (Ag+). This findings indicate that in the Ni-doped AgFeO2 
samples, silver (Ag) exists with an +1. However, the normalized XANES spectra with 
the corresponding first derivativeat Fe K-edge reveals that the edge position closely 
resembled that of the reference sample Fe2O3 (Fe3+), certifying that the iron ions 
oxidation state in the Ni-doped AgFeO2 nanoparticles is +3. When examing at Ni K-
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edge XANES spectra ofall the prepared AgFe1-xNixO2, the normalized spectra showed 
edge position shift to higher energy than the reference sample NiO (Ni2+), suggesting 
that the Ni ions oxidation state in the Ni-doped AgFeO2 nanoparticles is more than 
+2. A summary of the oxidation numbers of Ag, Fe and Ni, along with their respective 
energy edge position can be foun in Table 4.7.   
 

 

 
 
 

Figure 4.37 Normalized XANES spectra at Ag L3-edge of Ni-doped AgFeO2 
nanoparticles with different Ni concentrations. 

 



107 
 

 
 

 
 
Figure 4.38 (a) Normalized XANES and (b) the associating first derivative plot at Fe K-
edge of Ni-doped AgFeO2 nanoparticles with different Ni concentrations. 
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Figure 4.39 (a) Normalized XANES spectrum and (b) the first derivative plot at Ni K-
edge of Ni-doped AgFeO2 nanoparticles with different Ni concentrations. 
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Table 4.8 Energy edge position and corresponding valence states of the refence 
standard and Ni-doped AgFeO2. 

Samples Edge elements Edge energy (E) (eV) Oxidation states 
Ag foil Ag 3351.30 +0 
Ag2O Ag 3349.39 +1 
AgO Ag 3348.11 +2 

Fe foil Fe 7111.65 +0 
FeO Fe 7119.89 +2 

Fe3O4 Fe 7123.23 +2, +3 
Fe2O3 Fe 7126.76 +3 
Ni foil Ni 8332.64 +0 
NiO Ni 8344.42 +2 

x = 0.00 Ag 
Fe 

3350.45 
7126.57 

+1 
+3 

x = 0.05 Ag 
Fe 
Ni 

3350.02 
7126.60 
8347.36 

+1 
+3 
>+2 

x = 0.10 Ag 
Fe 
Ni 

3350.48 
7127.18 
8346.97 

+1 
+3 
>+2 

x = 0.15 Ag 
Fe 
Ni 

3350.27 
7126.40 
8347.40 

+1 
+3 
>+2 

x = 0.20 Ag 
Fe 
Ni 

3350.49 
7126.50 
8347.09 

+1 
+3 
>+2 

 
Furthermore, the chemical compositon and the oxidation states of the 

AgFe1-xNixO2 nanoparticles were conducted by the technique of XPS. To fit the Ag 3d, 
Fe 2p, Ni 2p and O 1s spectra of all the Ni-doped AgFeO2 nanoparticles, we used 
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Gaussian fitting technique. For the Ag 3d core level for all Ni-doped AgFeO2 samples, 
the binding energies were observed at 367.45 eV and 372.88 eV for Ag 3d5/2 and 
Ag 3d3/2, respectively, indicating the presence of Ag+1 (Mao et al., 2016; Zhou et al., 
2011), as shown in Figure 4.40. These results reveal that Ag ion in the AgFe1-xNixO2 
nanoparticles with x = 0.00, 0.05, 0.10, 0.15 and 0.20 comprises the oxidation states 
of Ag+. Regarding the XPS spectrum of Fe 2p in all the Ni-doped AgFeO2 samples, the 
binding energies of 711.36 eV and 724.74 eV were detected for the Fe 2p3/2 and 
Fe 2p1/2, respectively, with two satellite peaks (Denoted as “Sat.”), as illustrated in 
Figure 4.41, which refer to the presence of Fe3+ (Ahmed et al., 2020; Yamashita and 
Hayes, 2008; Mills and Sullivan, 1983; Hawn and DeKoven, 1987; Muhler, Schlögl, and 
Ertl, 1992). Figure 4.42 presents the XPS spectra of Ni 2p. The two main peaks at 
857.15 eV and 874.26 eV binding energies were found for the Ni 2p3/2 and Ni 
2p1/2, respectively, and two satellite peaks were identified. This exhibits the presence 
of Ni3+ (Cheng et al., 2017) ions in all the AgFe1-xNixO2 nanoparticles. For the O 1s XPS 
spectra of the synthesize sample, the main peak was obserbed at 530.77 eV 
binding energy and the shoulder was detected at 533 eV, which correspond to the 
lattice oxygen within the AgFe1-xNixO2 structure and OH- group, respectively (Figure 
4.43) (Ahmed et al., 2020; Che et al., 2016).    
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Figure 4.40 XPS spectra at Ag 3d of AgFe1-xNixO2 nanoparticales. 
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Figure 4.41 XPS spectrum at Fe 2p of AgFe1-xNixO2 samples. 
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Figure 4.42 XPS spectrum at Ni 2p of AgFe1-xNixO2 nanoparticles with x spanning from 
0.00, to 0.20. 
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Figure 4.43 XPS spectrum at O 1s of AgFe1-xNixO2 nanoparticles with different 
concentrations. 
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4.3.3 Surface area, pore volume and distribution of pore size study of Ni-
doped AgFeO2 nanoparticles by BJH and BET methods 

In addition, Figure 4.44(a-e) displays the plot N2 adsorption/desorption 
isotherm of AgFe1-xNixO2 with a small hysteresis loop in the 0 to 1 range which 
suggests that all the samples are in the type of mesoporous structure. However, the 
pore size distribution of the AgFe1-xNixO2 with x = 0.00, 0.05, 0.10, 0.15 and 0.20 are in 
the 2 to 50 nm range, as depicted in Figure 4.44(a-e) (inset), providing the 
mesoporous feature for all the samples. Based on the results obtained from the BET 
method, the BET specific surface area (SBET) values of 28.22, 28.95, 30.99, 40.90 and 
32.74 m2/g were found for delafossite AgFe1-xNixO2 nanoparticles with Ni 
concentrations of x = 0.00, 0.05, 0.10, 0.15 and 0.20, respectively. It could be 
indicated that when increasing the Ni amount from x = 0.00 to x = 0.15, resulting in a 
noticeable increase in BET specific surface area values. This rise can be primarily 
attributed to the decrease in particle size. Conversely, when the Ni concentration 
reaches x = 0.20, there is a decrease in BET specific surface area. This decline is likely 
due to the significant aggregation of nanoparticles in the samples. Using the BJH 
method, the sample with different Ni amount of x = 0.00, 0.05, 0.10, 0.15 and 0.20 
exhibit pore volume (VBJH) values of 0.134, 0.141, 0.146, 0.177 and 0.148 cm3/g, 
respectively. Table 4.6 provides a comprehensive overview of the BET specific 
surface area, pore volume and average pore size distribution (Davg). These results 
highlight that variations in the concentration of Ni have a discernible impact on the 
value of BET specific surface area, pore size and pore volume distribution of the 
synthesized AgFeO2 nanoparticles, which in turn could influence their 
electrochemical properties. 
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Figure 4.44 The pore size distribution (inset) and N2 adsorption-desorption isotherms 
of AgFe1-xNixO2 samples with (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, and (e) 
x = 0.20. 
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Figure 4.44 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherms of AgFe1-xNixO2 samples with (a) x = 0.00, (b) x = 0.05, (c) x = 
0.10, (d) x = 0.15, and (e) x = 0.20. 
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Figure 4.44 (Continued) The pore size distribution (inset) and N2 adsorption-
desorption isotherms of AgFe1-xNixO2 samples with (a) x = 0.00, (b) x = 0.05, (c) x = 
0.10, (d) x = 0.15, and (e) x = 0.20. 
 

Table 4.9 The values of average pore size, BET specific surface area, and pore 
volume for the AgFe1-xNixO2 nanoparticles.  

Condition SBET (m2/g) VBJH (cm3/g) Davg (nm) 
X = 0.00 28.22 0.134 18.95 
X = 0.05 28.95 0.141 11.92 
X = 0.10 30.99 0.146 9.71 
X = 0.15 40.90 0.177 7.79 
X = 0.20 32.74 0.148 8.16 
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4.3.4 Electrochemical performance of Ni-doped AgFeO2 nanoparticles 

4.3.4.1 Cyclic voltammetry performance 

Electrochemical performance and specific capacitance of delafossite  

AgFe1-xNixO2 with x = 0.00, 0.05, 0.10, 0.15 and 0.20 wer investigated using cyclic 

voltammetry (CV) measurement, which carry on a three-electrode system. In the CV 

process, the AgFe1-xNixO2 electrodes were conducted in 3M KOH electrolyte with 

different scan rates spanning from 2 to and 100 mV/s, utilizing a window of potential 

range between 1.16 V to 3.5 V, as depicted in Figure 4.45(a-e). The CV curves peaks 

reduction/oxidation for all the Ni-doped AgFeO2 samples indicate that the observed 

pseudocapacitor feature arises from the faradaic redox reactions involving Ag/Ag+, 

Fe2+/Fe3+ and Ni2+/Ni3+ (Wongpratat et al., 2020; Pai et al., 2018; Stern and Hu, 2014). 

The reversible redox process invols the conversion between Ag and Ag+, Fe2+ and 

Fe3+ and Ni2+ and Ni3+ during reduction-oxidation reactions can be clarified as follow:  

Ag ⇌ Ag+ + e-                                                                                   (4.11)              

or 

Ag2O + H2O + 2e- ⇌ Ag + 2OH-                                                           (4.12) 

Fe2+ ⇌ Fe3+ + e-                                                                                                                      (4.13) 

or 

Fe(OH)2 ⇌ FeOOH (2FeOOH ⇌ Fe2O3.H2O)                                           (4.14) 

And 

Ni2+ ⇌   Ni3+ + e-                                                                               (4.15) 

or                                               

Ni(OH)2 ⇌ NiOOH (2NiOOH ⇌ Ni2O3.H2O)                                              (4.16) 

Based on the CV curves at the different scan rates spanning from 2 to 100 

mV/s, the values of specific capacitance of the Ni-doped AgFeO2 electrodes could be 

estimated by equation 3.17. At a low scan rate of 2 mV/s, the highest specific 
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capacitance values of 358.32, 372.64, 386.80, 396.66 and 388.89 F/g were evaluated 
for Ni-doped AgFeO2 samples where Ni amount of x 0.00, 0.05, 0.10, 0.15 and 0.20, 
respectively, as shown in Figure 4.45f. The results show that the sample with x =0.15 
displays the highest specific capacitance value. This may owing to its highest BET 
specific surface area and pore volume distribution.  

  

  

  
 

 

Figure 4.45 CV curves of AgFe1-xNixO2 nanoparticles at different scan rates with (a) x = 
0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) the values of 
calculated specific capacitance. 
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4.3.4.2 Galvanostatic charge discharge measurement 

Additionally, GCD measurement was applied to examine the 
electrochemical performance of all the Ni-doped AgFeO2 electrodes which performs 
in 3M KOH solution with the spanning from 1 to 20 A/g current densities. The results 
of GCD testing of AgFe1-xNixO2 where x = 0.00, 0.05, 0.10, 0.15 and 0.20 are illustrated 
in Figure 4.46(a-e), which implies that all the doping conditions were in the typical 
characteristic of pseudocapacitive. The specific capacitance values of all Ni-doped 
AgFeO2 samples were computed using the discharge curves of GCD testing. The 
obtained specific capacitance values at various current densities of the electrode are 
shown in Figure 4.46(f). The figure makes it clear that when the current density 
increases, there is concurrent reduction in the specific capacitance value. This can be 
attributed to the rising internal polarization and resistance of the electrodes. At the 
low current density of 1 A/g, the specific capacitance values for AgFe1-xNixO2 were 
determined as follows: 229.71 F/g for x = 0.00, 251.10 F/g for x = 0.05, 310.59 F/g for 
x = 0.10, 339.08 F/g for x = 0.15 and 324.07 F/g for x = 0.20. Remarkably, the     
AgFe1-xNixO2 with doping condition of 0.15 exhibited the highest value of specific 
capacitance reaching 339.08 F/g. This result can be attributed to its superior value of 
BET specific surface area, which provides greater sites of active for faradaic reversible 
reduction/oxidation reactions. Moreover, the stability of cycling of the AgFe1-xNixO2 
was carried out by a continuous charging-discharging experiment comprising 1000 
cycles, conducted at a 5 A/g current density. After 1000 charge/discharge cycles, the 
capacitance retention values of 82.99, 82.15, 85.54, 87.04, and 83.15% were obtained 
from AgFe1-xNixO2 where x = 0.00, 0.05, 0.10, 0.15 and 0.20 respectively, as seen in 
Figure 4.47. It could reveal that the Ni concentration of x = 0.15 displays superior 
capacitance and long-life cycling stability. Table 4.9 represents the specific 
capacitance values of the Ni-doped AgFeO2 electrodes. 
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Figure 4.46 GCD plot of AgFe1-xNixO2 nanoparticles with (a) x = 0.00, (b) x = 0.05, (c)   
x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) the values of specific capacitance at various 
current densities. 
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Figure 4.47 Capacitance retention (%) of AgFe1-xNixO2. 
 

Table 4.10 List of the specific capacitance values of AgFe1-xNixO2 calculated 
employing GCD technique. 

Current 
density 
(A/g) 

Specific capacitance at various Ni concentrations (F/g) 
x = 0.00 x = 0.05 x = 0.10 x = 0.15 x = 0.20 

1 229.71 251.10 310.59 339.08 324.07 
2 180.17 218.28 270.77 302.80 277.20 
5 159.87 208.62 266.64 300.80 257.01 
10 140.20 198.08 244.15 279.27 213.54 
20 110.28 168.62 200.26 235.40 156.29 
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4.3.4.3 Electrochemical impedance spectroscopy analysis 

 EIS study was presented by Nyquist plots, as shown in Figure 4.48. The EIS 
curves for all the AgFe1-xNixO2 electrodes where x = 0.00, 0.05, 0.10, 0.15 and 0.20 
exhibit the incomplete semicircle pattern in the high-frequency region. The point 
where the curve intersects the real axis (𝑍′) presents the equivalent series resistance 
(𝑅௦) or the solution resistance  (𝑅௦). The solution resistance (𝑅௦) yielded values of 
1.24, 1.17, 1.15, 1.07, and 1.16  were observed for with AgFe1-xNixO2 different Ni 
doping of x = 0.00, 0.05, 0.10, 0.15 and 0.20, respectively. The diameter of the circle 
was used to determine the charge transfer resistance (𝑅௧). Furthermore, the 
presence of Warburg impedance (𝑊) was illustrated by the descending line 
observed in the region of low-frequency, which signifies the ions diffusion between 
electrode material and electrolyte. According to the small semicircle in the middle-
frequency region, It was found that all the electrodes exhibit low charge transfer 
resistance (𝑅௧). Interesting, AgFe1-xNixO2 with Ni concentration of 0.15 displays the 
lowest solution resistance  (𝑅௦) value. This reveals that AgFe0.85N0.15O2 samples could 
be considered as electrode material for energy storage technology.  
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Figure 4.48 Nyquist plot of AgFe1-xNixO2 electrodes. 

 

4.3.4.4 Specific energy and specific power study  

To evaluate the energy storage performance, the Ragone plot was used, 
which represents between specific energy and specific power relationship. Figure 4.49 
displays the Ragone plots of all the Ni-doped AgFeO2 samples at different current 
densities of 1, 2, 5, 10 and 20 A/g. At a 1 A/g current density, It was found that AgFe1-

xNixO2 nanoparticles where x = 0.00, 0.05, 0.10, 0.15 and 0.20 exhibit the specific 
energies and specific power values of 72.74 Wh/Kg and 797.46 W/Kg, 79.52 Wh/Kg 
and 786.79 W/Kg, 98.35 Wh/Kg and 789.59 W/Kg, 109.28 Wh/Kg and 800.51 W/Kg and 
102.62 Wh/Kg and 783.18 W/Kg, respectively, which reveal that AgFe1-xNixO2 with Ni 
amount of 0.15 shows the superior values of specific energy and specific power.  
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Figure 4.49 Specific energies and corresponding specific power of Ni-doped AgFeO2 

electrodes at current densities of 1, 2, 5, 10 and 20 A/g. 

 

 

 



 
 

CHAPTER V 

CONCLUSIONS AND SUGGESTIONS 
 

In this research, pure AgFeO2 and AgFe1-xMxO2 (M = Co and Ni) nanostructures 
where x = 0.00, 0.05, 0.10, 0.15 and 0.20 were successfully synthesized by a simple 
co-precipitation method. The structure and morphology of the prepared samples 
were determined by XRD, TEM and SEM. The elemental composition and oxidation 
state were studied by XAS and XPS. The porosity properties were calculated by BET 
and BJH methods, utilizing gas absorption technique. The electrochemical 
performance was examined using techniques of CV, GCD and EIS. All the 
experimental results can be concluded as follow: 

5.1 Effect of different calcination temperatures on structure and 
electrochemical performance of AgFeO2 nanoparticles 

Delafossite AgFeO2 nanostructures with mixing phases of the rhombohedral 3R-
AgFeO2 (JCPDS No: 00-029-1141) and hexagonal polytype 2H-AgFeO2 (JCPDS No: 00-
018-1175) was successfully prepared using a simple co-precipitation route. It was 
evident that the particle size of AgFeO2 nanoparticles increased with increasing the 
calcination temperature. However, the sample calcined at 100oC showed the highest 
percentage of 2H phase of 70.06% and smallest particles size of 45 nm, resulting in 
the largest specific surface area of 28.22 m2/g. For electrochemical performance, it 
was found that all the AgFeO2 electrodes exhibited the characteristic feature of 
pseudocapacitive behavior with clarification redox peaks at the low current density 
of 1 A/g, AgFeO2 nanoparticles calcined at 100oC provided good electrochemical 
properties, suggesting a high specific capacitance of 229.71 F/g with associating 
specific energy of 72.74 Wh/Kg and specific power of 797.46 W/Kg and superior cyclic 
stability of 82.99% after 1000 charge/discharge cycles. These are due to its highest 2H 
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phase amount and specific surface area. The high amount of 2H phase provides 
greater inter layer gap, which improved K+ ion accessibility into the electrodes’ 

internal structure. Moreover, the large specific surface area can make the high active 
site, which results in excellent ion diffusion between the electrolyte and electrode 
material and multiple reduction/oxidation reaction, providing high specific 
capacitance. This was evident that the various calcination temperatures affected on 
the structures (particle size, specific surface area, pore volume and pore size 
distributions), phase transformation between 2H and 3R and electrochemical 
performance of delafossite AgFeO2 nanostructures. 

5.2 effect of Co and Ni-doped AgFeO2 on structure and 
electrochemical performance   

A simple co-precipitation method was successfully employed to synthesize Co 
and Ni-doped AgFeO2 nanostructures with 3R and 2H phases. In case of Co-doped 
AgFeO2 nanoparticles, even though there are additional peaks illustrated in the XRD 
spectra of the doped samples, which could be referred to metallic silver there are 
no indications of impurity phases like metallic cobalt, CoO, Fe2O3, or CoFe2O4 spinel. 
These impurity phases typically form under condition similar to the synthesis of 
AgFeO2. The absence of cobalt-related phases suggests that cobalt ions might 
substitute iron ions within the delafossite crystal structure. Nonetheless, the 
presence of metallic silver comes as a surprising observation when considering the 
assumption that Co3+ would replace Fe3+ ions during substitution. For Ni-doped 
AgFeO2 nanoparticles, the successful replacement of Fe ions with Ni ions in the 
delafossite structure is affirmed by the absence of NiO. However, since cobalt (II) 
nitrate and nickel (II) nitrate were utilized as the starting material in the synthesis 
process, proposes that in this specific case, divalent cobalt and nickel ions could 
substitute trivalent iron ions. According to the findings from experiments, the doping 
of Co and Ni significantly influence both the structure and particle size. The observed 
trend is that as the Co and Ni contents in the AgFeO2 nanoparticles increases from 
0.00 to 0.15, there is a noticeable increase in the specific surface area. This can be 
attributed to the reduction in the size of particles. In contrast, the samples with Co 
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and Ni concentrations of 0.20 exhibit a reduction of specific surface area. This 
decrease might be attributed to the substantial nanoparticles accumulation in this 
particular sample. Generally, the BET specific surface area has an important impact 
on the electrochemical behavior of the materials. Based on the electrochemical 
properties study, it was revealed that the Co and Ni doping can improve 
electrochemical performance of AgFeO2 nanostructures with increasing the specific 
capacitance, specific energy and cycling stability, which could bring to use as 
electrode material for supercapacitor and battery. 

5.3 Suggestions 

Based on our investigation into electrochemical properties of pure AgFeO2 and 
AgFe1-xMxO2 nanostructures, where M represents Co and Ni (with values of x ranging 
from 0.00 to 0.20), we propose the following avenues for future research to provide a 
more comprehensive elucidation of the finding: 

(i) Investigation of electrochemical properties in pure AgFeO2 and AgFe1-

xMxO2 where M = Co and Ni (x = 0.00, 0.05, 0.10, 0.15 and 0.20) 
nanoparticles employing different substrate materials and different 
electrolytes with various concentrations to determine the optimal 
condition for creating supercapacitor electrode.  

(ii) Examining the local interatom distance through EXAFS is essential for 
gaining a more comprehensive understanding of structure change 
impacted on electrochemical properties of AgFeO2-based 
nanoparticles after the substitution of Co and Ni ions. 

(iii) The understanding of the mechanism of charge storage of these 
materials are currently lacking and not folly comprehensive. Thus, it is 
crucial to employ in-situ XAS to confirm alterations in valence state 
during the process of charging-discharging. 
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AgFeO2 sample calcined at 100˚C 

 

 
 

AgFeO2 sample calcined at 200˚C 

 
 

AgFeO2 sample calcined at 300˚C 

 
 

AgFeO2 sample calcined at 400˚C 
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AgFeO2 sample calcined at 500˚C 

 
 

AgFe1-xCoxO2 sample with x = 0.05 

 

 
 

AgFe1-xCoxO2 sample with x = 0.10 

 

 

 
 

AgFe1-xCoxO2 sample with x = 0.15 

 
 

AgFe1-xCoxO2 sample with x = 0.20 

 
 

AgFe1-xNixO2 sample with x = 0.05 
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AgFe1-xNixO2 sample with x = 0.10 

 

 
 

AgFe1-xNixO2 sample with x = 0.20 

 

 
 

AgFe1-xNixO2 sample with x = 0.15 
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