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ABSTRACT

M. Sc. Thesis

COPPER FERRITE SYNTHESIS FROM CHALCOPYRITE AND
INVESTIGATION OF ITS ELECTROCHEMICAL PROPERTIES

Mariem Mohamed EL MAMY

Karabuk University
Institute of Graduate Programs

Department of Metallurgy and Materials Engineering

Thesis Advisor:
Assist. Prof. Dr. Safa POLAT
September 2022, 63 pages

This thesis study consists of two stages, extraction and electrode production. In the
first stage, the effects of NaCl, MgCl», and Urea compounds on the extraction of Cu
and Fe from chalcopyrite ore were investigated. For this purpose, different ratios of
these compounds were added to the extraction solution, and then each solution's Cu
and Fe concentrations were measured. Measurements were performed by atomic
absorption spectroscopy (AAS). According to the obtained results, the concentration
of Cu and Fe increased by 76% and 28%, respectively, with the addition of NaCl and
approximately 52% and 53% with the addition of MgCl,. At the same time, when
MgCl; and Urea were added together, these values decreased by 12% and 35%. The
second stage is aimed at producing nano-sized copper ferrite-based electrodes from
the obtained solutions. The productions were carried out directly on the nickel foam

surface by hydrothermal method. The produced electrodes were characterized by



FTIR, XRD, and SEM in terms of chemical bond structures, crystal planes, and
microstructures, respectively. In addition, the electrochemical performance of the
produced electrode was investigated by galvanostatic charge-discharge measurements
(GCD) with a three-electrode system. From these examinations, firstly, the specific
capacitance values (Ca) and then the energy (E) and power density (P) values were
determined. Based on these results, the highest Ca value was determined as 725
mF/cm? at 2 mA current, while E and P values were calculated as approximately 12.5
mWh/cm? and 880 mW/cm?. In addition, these results were compared and discussed
with the studies done so far. Finally, it was concluded that the extraction of Cu and Fe
from chalcopyrite with a very cheap compound such as NaCl could be performed at
higher rates than their literature counterparts. Furthermore, a very high-performance
electrode for supercapacitors, an important component of energy storage systems, has
been produced with the obtained solutions. It is also thought that the electrochemical
performances of these electrodes are promising for supercapacitors but should be

investigated in more detail for this purpose.

Key Words : Chalcopyrite, extraction, nanoparticle, metal oxide, hydrothermal
method, supercapacitor.
Science Code : 91520, 91530



OZET

Yiiksek Lisans Tezi

KALKOPIRITTEN BAKIR FERRIT SENTEZI VE ELEKTROKIMYASAL
OZELLIGININ INCELENMESI

Mariem Mohamed EL MAMY

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Metalurji ve Malzeme Miihendisligi Anabilim Dah

Tez Danismanai:
Dr. Ogr. Uyesi Safa POLAT
Eyliil 2022, 63 sayfa

Bu tez calismasi ekstraksiyon ve elektrot iiretimi olmak iizere iki asamadan
olusmaktadir. Ik asamada kalkopirit cevherinden Cu ve Fe ekstraksiyonuna NaCl,
MgCl, ve Ure bilesiklerinin etkileri incelenmistir. Bu amagla ekstraksiyon
soliisyonuna bu bilesiklerden farkli oranlarda eklenmis ve daha sonra her bir
soliisyonun Cu ve Fe konsantrasyonlar1 dl¢iilmiistiir. Olgiimler atomik absorpsiyon
spektroskopisi (AAS) ile gerceklestirilmistir. Elde edilen sonuglara gore Cu ve Fe
konsantrasyonu NaCl eklentisi ile sirastyla %76 ve %28 oranlarinda, MgCl. eklentisi
ile yaklasik %52 ve %53 oranlarinda artmistir. Ayn1 zamanda MgCl, ve Ure birlikte
eklendiginde ise bu degerler %12 ve %35 olarak oranlarinda diismiistiir. Ikinci
asamada ise buradan elde edilen soliisyonlardan nano boyutlu bakir ferrit bazli elektrot
iiretilmesi amagclanmigtir. Uretimler hidrotermal ydntemle nikel foam yiizeyinde
dogrudan gergeklestirilmistir. Elde edilen iiriinlerin kimyasal bag yapilari, kristal

diizlemleri ve mikroyapilari sirasiyla FTIR, XRD ve SEM ile karakterize edilmistir.



Ayrica iretilen elektrotun elektrokimyasal performansi ise ii¢ elektrotlu sistem ile
galvano statik sarj desarj Olclimleri (GCD) ile incelenmistir. Bu incelemelerden
oncelikle spesifik kapasitans degerleri (Ca) daha sonra ise enerji (E) ve gii¢ yogunlugu
(P) degerleri tespit edilmistir. Elde edilen sonuglara gore en yiiksek Ca degeri 2 mA
akimda 725 mF/cm? olarak tespit edilirken, E ve P degerleri ise yaklasik 12.5
mWh/cm? ve 880 mW/cm? olarak hesaplanmistir. Ayrica elde edilen bu sonuglar
simdiye kadar yapilmis olan c¢alismalar ile tartisilarak kiyaslanmistir. Nihai olarak
kalkopiritten NaCl gibi olduk¢a ucuz bir bilesik ile Cu ve Fe ekstraksiyonunun
literatiirdeki muadillerine kiyasla daha yiiksek oranlarda gergeklestirilebildigi
sonucuna varilmigtir. Ayrica elde edilen soliisyonlar ile enerji depolama sistemlerinin
onemli bir bileseni olan siiperkapasitorlere yonelik oldukca yiiksek performansh bir
elektrot lretimi de gergeklestirilmistir. Bu elektrotlarin  elektrokimyasal
performanslarinin siiperkapasitorler i¢in umut vadedici oldugu ancak bu amacla daha

ayrintili olarak incelenmesi gerektigi diistiniilmektedir.

Anahtar Kelimeler : Kalkopirit, ekstraksiyon, nanopartkiil, metal oksit, hidrotermal

metot, siiperkapasitor.

Bilim Kodu : 91520, 91530
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PART 1

INTRODUCTION

People meet all their needs from natural resources throughout their lives. The
production of almost all of the tools and equipment that makes life functional requires
using natural resources. Soil, water, animals, forest, sunlight, petroleum, raw mineral
materials, and even the air we breathe can be given as examples of natural resources
in every aspect of our lives. If we need to classify these resources in terms of their
origins, we can divide them into biotic and abiotic [1]. Natural resources, called
biotics, consist of organic substances and living things. Plants, animals, and fossil fuels
(such as oil, coal, and natural gas) are also natural resources of organic origin. Abiotic
natural resources are natural resources of inorganic (non-living) origin, such as air,

water, sunlight, minerals, and metals [2].

Among natural resources, minerals and metals are essential for the socioeconomic
development of nations. It also meets energy and industry's basic raw material needs
[3]. Therefore, wealth, welfare, and comfortable life for the individual and society are
possible with the access and use of mineral raw material resources [4]. These
formations, called minerals, were formed by natural factors in the inner and outer parts
of the earth's crust and should have economic value [5]. For this reason, it can be said

that not every mineral is valuable.

On the other hand, precious minerals are related to the metals commonly used daily.
On the other hand, metals are elements with high electrical and thermal conductivity,
unique shine, tendency to form, high tendency to form cations, and often give basic
oxides by combining with oxygen. Metals can be classified as noble metals (such as
gold, silver, and platinum) and non-noble metals (such as iron, zinc, and aluminum)

[6,7]. Semi-metals do not show good metal properties. These elements show both



metal and nonmetal properties. Elements such as silicon, boron, antimony, and arsenic
are semi-metals [8]. Although nonmetals are more common in nature, most of the
elements in the periodic table are metals. Metals daily are iron, aluminum, copper,

zinc, magnesium, nickel, tungsten, and mercury [9].

Among metals, copper (Cu) was the first metal to be processed by humans. A stronger
bronze was obtained by mixing tin and copper, leading to the beginning of the Bronze
Age [10]. Because it conducts heat and electricity very well and can be easily shaped,
copper's greatest use is in electrical appliances and wires. However, there is also
copper in machinery used in construction and industry. In addition, copper sulfate is
used as a pesticide to kill algae in water treatment [11]. Iron (Fe) metal is the fourth
most common mineral on the earth's surface and the most abundant metal in the earth's
crust [12]. Iron is the most used of all metals and accounts for 95% of the weight of
metals produced worldwide. Its low price and high strength properties make it
indispensable for use in automotive, ship hull construction, and as a structural
component of buildings [13]. On the other hand, steel is an alloy formed by iron with
carbon elements, and its mechanical resistance and friction protection is quite high. It
is frequently used in kitchenware, sinks, household appliances, industrial kitchens, the
food industry, automotive industry [14].

The most widely known copper-iron source is the chalcopyrite mineral. Its
composition is CuFeS,, and its density is between 4.1-4.3 g/cm?. It is also called fake
gold because its crystals are brittle, rice yellow in color, and have metallic luster [15].
Obtaining copper and iron from this mineral is carried out by pyrometallurgical and
hydrometallurgical methods. In the pyrometallurgical method, a series of heat

treatments are applied to the mineral to reveal the precious metal.

In contrast, in the hydrometallurgical method, the metals in the mineral are dissolved
and separated with some reagents. Gases such as SO, and CO, formed due to
pyrometallurgical processes cause environmental problems such as air pollution [16].
Although these gases emerging in some enterprises are evaluated, it is a fact that
pyrometallurgical processes harm the environment. The hydrometallurgical method

must not require high temperatures, low-grade and complex ores can be evaluated,



each metal can be recovered separately and in high purity, and it is economical [17].
For this reason, it can be said that the hydrometallurgical method has an important
advantage in its application in producing metals widely used daily, especially copper

and iron.

Many successful studies have been carried out on the hydrometallurgical production
of copper and iron from chalcopyrite. However, some problems were reported in these
studies. These are problems such as the low rate of Cu extraction due to the choice of
solvent reactant and the passage of iron into solution along with copper in these
extractions. In addition, it was also stated that the sulfur element, which is between the
chalcopyrite crystals during the extraction, oxidizes and settles on the chalcopyrite
surface, thus preventing the metals from entering the solution. In many studies, acids
with high oxygen affinity have been used to solve this passivation problem. However,
there is an opinion that with this method, the cost of extraction increases significantly.

For this reason, cheaper chloride sources, which have high redox potential, have a
catalytic effect, and can dissolve copper, have been preferred as a reactant. The most
common of these is sodium chloride (NaCl), which is very inexpensive and abundant
in nature. With this method, CuCl> and FeClz compounds are expected to be formed
during the extraction of Cu and Fe from chalcopyrite. In studies conducted for this
purpose, it was stated that the extraction by weight of both elements increased
significantly with NaCl up to a certain amount. However, these studies concluded that
there is still a problem with the passivation layer, and a secondary reactant should be

used. The reactant to be used for this purpose must be sulfur-retaining.

On the other hand, it is possible that the oxygen in the urea compound's structure, an
organic molecule used as a fertilizer, easily changes with sulfur and turns into thiourea.
For this reason, it may be used as a sulfur-absorbing secondary component in such
reactions. On the other hand, it is thought that using Cl salts of a magnesium-type
component with a high affinity for compounding with oxygen in the environment
instead of NaCl may increase the extraction of Cu and Fe.



The coexistence of Cu and Fe elements in the extraction solutions can be considered
an important disadvantage, and many methods are applied for their separation.
However, this situation can be good thanks to production with both elements. For
example, iron and copper elements can form spinel-structured copper ferrite
(CuFe204) metal oxide compounds in nature [18]. CuFe2O4 compound, an important
semiconductor, is used in many areas, from cleaning wastewater to microwave
absorption, because of its high catalytic, thermal, electrical, and magnetic activities. In
recent years, it has been known that metal oxides with spinel structures have also
started to be used in energy storage. The most common of these is their use as anode
electrode material in supercapacitors. Supercapacitors are devices used to store electro
energy. It has the principle of energy storage by absorbing ions or giving redox
reactions at the anode and cathode electrodes. For this purpose, since the CuFe204
compound obtained from chalcopyrite can give redox reactions, its energy storage
capacity can be quite high. In addition, since ion absorption will affect the energy
storage performance, it is very important to synthesize it at the nanoscale. The
electrodes of a supercapacitor consist of a conductive current collector and a coating
on its surface. The most common current collector used for this purpose is nickel foam.
The synthesis of a metal oxide such as CuFe204 on the surface of nickel foam can be
carried out by hydrothermal method. The basic principle of this method is to synthesize
nano-sized particles from dissolved salts in the liquid phase. The most important
advantage is that the synthesis process can be carried out at low temperatures. For this
reason, it is possible to synthesize CuFe2O4 compound on the nickel foam surface by
the hydrothermal method in nano size to use it as an anode electrode in

supercapacitors.

In light of all these predictions, this thesis study primarily aims to examine the effects
of NaCl, MgCl., and urea compounds in different amounts on the extraction of Cu and
Fe from chalcopyrite. For this purpose, Cu and Fe concentrations in the solutions
obtained after the extraction processes were measured by atomic absorption, and the
results were evaluated. Then, the highest concentration solution was selected, and
CuFe204 was synthesized from this solution by hydrothermal method on the nickel
foam surface. The obtained products were characterized by FTIR, XRD, and SEM

analyses in chemical bonds, crystal structure, and microstructure. Then,



electrochemical characterization was carried out with galvanostatic charge-discharge
(GCD) measurements in a three-electrode system to use as a supercapacitor electrode.
The results here calculated the produced electrode's specific capacitance, energy, and
power densities. Then, the obtained results were compared with the studies in the
literature. As a result, information about the advantage, disadvantages, and place of
this study in the literature is given.



PART 2

EXTRACTION

2.1. EXTRACTION OF METALS

2.1.1. Pyrometallurgical Methods

Pyrometallurgy is one of the branches of extractive metallurgy. Its primary purpose is
to gain precious metals, apply a series of heat treatments to the ore, and cause the
material to undergo physical and chemical changes due to these processes. In this way,
it is aimed at acquiring precious metals. This method involves drying, calcination,
roasting, smelting, and refining. The drying process is applied to remove the material's
moisture (not chemically bound). In general, moist solids are dried by the hot gases
produced by the combustion of fossil fuels. The heat required in a drying process
equals the heat required to evaporate moisture on the solid material. The temperature
is usually set above 100 °C, at which water evaporates. The temperature set for this
process is usually 105 °C, as the high temperature can also damage the solid material.
The purpose of calcination is to remove the water chemically bound to the material. It
is made by reducing the material in furnaces at high temperatures. Rotary kilns and

fluidized bed reactors are used for this purpose [19].

In the roasting process, the solid material undergoes specific chemical changes under
the influence of temperature. During the roasting process, the metal is oxidized. The
most typical application of this process can be seen in sulfide metals. Due to their
chemical structure, sulfur metals cause problems in advanced refining and blast
furnaces. In addition, since the reaction times are long, they increase the energy and
time costs. However, with the roasting process, the material reacts by blowing O, onto

the metal sulfide. While SO> gas is formed at the end of the reaction, the metal leaves



the reaction as oxidized. During this process, if all the sulfur in the metal is oxidized,
this phenomenon is called "dead roasting" [20].

In some cases, roasting is preferred as a preliminary preparation, and it is undesirable
to oxidize all the sulfur in the metal. This type of roasting is also called "partial
roasting.” In cases where more than two metals are in the environment, one metal
oxidizes while the other turns into a sulfate form. This is also called "Selective
Roasting." The smelting stage can be defined as the stage in which at least one metal
passes into the liquid phase. However, at this stage, the metal is not just melted.
However, it undergoes specific chemical reactions. The heat required to carry out this
reaction is generally obtained from coal and its derivatives. The oxygen in the metal
oxide is reduced with a reducing agent and removed from the metal in the form of CO..
In other materials, melting of the oxidized ore is facilitated by adding slag makers to
the medium. The slag-forming material reacts, and its impurities are removed from the
material. Although the melting process usually takes place above the melting
temperature of the metal, many variables affect the temperature at which the whole
process will be performed. The final stage, refining, is applied to remove the remaining
impurities in the metal. However, many processes take place in the refining stage and
use more than one different furnace [21].

2.1.2. Hydrometallurgical Methods

Hydrometallurgy is one of the extractive metallurgy methods applied by using liquid
chemicals [22]. The primary purpose is to separate, enrich or recycle precious metals
from ore. It can be examined under three headings: leaching, purification, and metal
recovery. Leaching is the process of recovering precious metals using liquid chemicals
with solvent properties. The metal to be enriched is dissolved with chemicals (usually
acid or base) and taken into solution. The type and concentration of the selected
chemicals may vary according to the properties of the metal to be dissolved. Leaching
efficiency can be affected by pH change, temperature, and oxidation potential. As a
result of the leaching, along with the metal, other metals present in the ore may have

been taken into solution [23].



Specific methods can be used for purification, removing unwanted metals from the
solution. Some of these are solvent extraction and ion exchange methods. The primary
purpose of solvent extraction is to separate the desired metal by passing it to a different
phase. The mixture used in solvent extraction is generally called an organic solvent.
The precious metals become organic when the organic solvent is used on the charged
solution. As a result, a charged organic and uncharged solution is obtained. The
uncharged solution thus obtained can be reused in the process. Electrowinning can

separate the charged organic obtained at this stage from the metal [24].

On the other hand, ion exchange is a process in which ions replace ions with similar
electrical charges on the solid by attaching to the surface of the solid from a solution
in contact with the solid [25]. While these ions on the solid surface pass into the
solution, the ions displaced by electrostatic forces bind to the surface and replace them.
This exchange process continues until the relative concentrations of the two types of
ions on the surface and in the solution reach an equilibrium. The direction of change
can be reversed depending on these relative concentrations. The final step in
hydrometallurgy is metal recovery. After passing to the liquid phase, the purified metal
Is recovered by passing it back to the solid phase in this step. The metal obtained after
this step can be used as raw material or in further refining processes. For this purpose,
electrowinning and metal precipitation methods can be used. In electrowinning, it is
applied to reduce the metal due to passing an electric current through the metal-
containing solution and its accumulation on the cathode plates. In metal precipitation,
it is applied by mixing more active metal (usually Zn) shavings into the solution. While
the metal in the sawdust added to the solution passes into the solution, the precious
metal is reduced to the solid phase. It begins to accumulate by precipitating on the
substrate [26].

2.2. COPPER MINERALS AND CHALCOYRITE

2.2.1. The natural Occurrence of Copper Minerals and Chalcopyrite

Copper ore is found in the earth's crust at an average rate of 0.01% and is the 25th most

abundant element. Heavy metal sulfides were decomposed due to liquid infiltration



from the magma layer to the earth's crust. The most common copper mineral,
chalcopyrite, CuFeS; (34.6% Cu), is believed to have formed in this way as a primary
(primary). On the other hand, secondary (secondary) oxidized copper minerals and
metallic copper (native copper) are also formed due to oxidation and reduction by the
chemical effect of hot natural vapors or natural sulfate solutions leaking onto sulfide
minerals. For this reason, sulfide copper ores are reached in many mineral deposits as
the upper oxidized copper minerals are removed. About 85% of the copper ores known
today are sulfide, and 15% are oxide minerals. The most crucial sulfide ores are bornite
(CusFeS4), chalcopyrite (CuFeS,), chalcocite (Cu2S) and covellite (CuS), and enargite
[Cu2(As, Sh)Ss]. Oxidized copper ores, on the other hand, occur as sulfates,
carbonates, and silicates. At the same time, azurite [2CuCO3-Cu(OH)2], brochantite
[CusSO4(OH)e], chrysocolla [CuSiO3-2H20], cuprite (Cu20), tenorite (CuO) and
malachite [CuCOs-Cu(OH).] can be given as examples of important oxidized copper
ores [27,28].

The chemical formula of the chalcopyrite mineral is CuFeS,, and its molecular weight
Is 183.53 g. It contains 30.43% Fe, 34.63% Cu, 34.94% S in its composition. It is
commonly found in sulfide veins and disseminated volcanic rocks. The crystal system
Is tetragonal, and the crystal's geometry is shown in Figure 2.1. Fe and Cu can replace
Co, Ni, Mn, Zn, Ag, Au, Pb and Cr, and S with Se and Te in this crystal lattice. Thus,
chalcopyrite ores may contain many precious metals and nonmetals. Its color is
orange-yellowish, its stripe color is greenish-black, its luster is metallic, its density is
4.28 glcm®, and its Mohs hardness is 3.5-4 [29-31].



Figure 2.1. Crystal structure of chalcopyrite [29].

2.2.2. Leaching and Dissolution Processes of Chalcopyrite

A leaching process kinetics are especially important for process design, optimization,
and control. Kinetic information this type of leaching process can only be obtained
through experimentation and observation, and it is influenced by a variety of factors
including mineralogy, surface area, reactant concentrations, product layer formation,
and temperature [32]. Although many studies have been conducted to establish these
factors in the case of chalcopyrite leaching, the results and conclusions have been
published in a variety of ways, owing largely to the different conditions used. This has
made direct comparisons challenging. In this context, chalcopyrite, which is a sulfide
copper ore, can be leached by calcining, or it can be leached directly with suitable
solvents. While such calcined products are easily leached with acids or complexing
solvents, in case of direct leaching, suitable oxidizing solvents must be used. On the
other hand, sulfate, chloride, nitrate, ammonia and biological systems can be used in
the leaching of sulfide copper ores [33,34]. Chalcopyrite concentrate can be leached
in two steps with sulfuric acid solution. In the first of these, the sulfides in the ore are

converted to sulfate with acid at 220-230 °C and then diluted with water and leached
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[35]. The reaction steps in this process are given in the Equation 2.1, 2.2, 2.3, and 2.4
below [28].

CuFeS; + 2H2S04 = CuSO4 + FeSO4 + 2H,S (2.1)
H2S + H,S04 = S° + SOz + 2H20 (2.2)
2FeS04 + 2H2S04 = Fea(S04)3SO2 + 2H;0 (2.3)
CuFeS; + 2H2S04 + O, = CuSO4 + FeSO4 + 28° + 2H,0 (2.4)

On the other hand, chalcopyrite ore can dissolve in the presence of a more dilute
solution of sulfuric acid and oxygen. Sometimes ozone is used instead of oxygen. In
this context, many hydrometallurgical methods have been developed. The main
processes in question can be listed as Cymet, CLEAR, Sherritt Gordon Cominco,
H>SO4 - pressure in the presence of oxygen and ammonia pressure leaching in the

presence of oxygen [36].

The Sherritt Gordon method is the industrial application of leaching sulfide copper
minerals with ammonia under pressure [23]. This process is based on the formation of
Cu(NHs)4* complex. It was developed to process Ni, Cu, Co complex ore from Lynn
Lake mine in Canada. Established facility has been continuing its production since
1954. In this method, concentrated ammonia + ammonium sulfate solution is mixed
and leached under oxygen pressure and at a temperature of 85 °C. Some of the free
ammonia in the leach solution is separated by distillation. Then, some sulfur
compounds in solution are oxidized to sulfate compounds at 250 °C and 27 atm
pressure. After neutralizing the free ammonia with sulfuric acid, copper is precipitated

with hydrogen at 200 °C under 40 atm pressure and recovered.

The CLEAR (Copper Leaching, Electrowinning and Recycle) process is one of the
hydrometallurgical processes using chloride in the processing of chalcopyrite
concentrates [37,38]. This process was developed by Duval Corp. It was developed by

and includes 2 stages of leaching. In the first stage, chalcopyrite; At boiling
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temperature (105 °C) 20 g/L acidic CuCl: is taken into solution using 4 g/L FeCls
solution. In the second stage, metallic copper is added to the solution coming from the
first stage and the +2-valence copper is converted into Cu®. Then, solid-liquid
separation is made. Copper recovery from the clear solution obtained is carried out by
electrolysis method. The leaching sludge is leached in 44 g/L KCI solution at 150 °C
temperature and 50 psi oxygen partial pressure in order to dissolve the chalcopyrite
that cannot be taken into solution in the first stage. Due to the high temperature and
oxygen pressure, some of the sulfur turns into sulfate and precipitates as potassium
jarosite (KFe3(OH)6(S0s4)2). The basic reactions occurring in this context were given
below Equation 2.5, 2.6, 2.7, 2.8, and 2.9 [39,40].

CuFeS; + 3CuClI* + 11CI" = 4CuCl3? + FeCl, + S° (2.5)
Cu + CuCl + 5CI" = 2CuCls? (2.6)
CuFeS; + FeCl, + 3/20; + 3H20 = CuCl + 2Fe(OH)3 + 28° (2.7)
CuCls? + e- = Cu*3CI- (2.8)
CuCls?=CuCl* + ¢ (2.9)

6FeSO4 + 12FeCl; + 9/202 + 3KCI + 9H20
= 3KFe3(S04)2(OH)e + 9FeCls (2.10)

The Arbiter method is very similar to the Sherritt Gordon method. In the Arbiter
method, oxygen is used instead of air and high pressures are not needed. Another
difference from the Sherritt Gordon method is that copper is stripped from the solution
with the help of ion exchangers [36,41]. Equation 2.11, 2.12, and 2.13 were the
dissolutions of different copper minerals in the Arbiter method.

CuS + 4NHs +20; = Cu(NH3)sSO4 (2.11)

CU,S + 4NHs + (NH4)2S04 + 5/2 Oz = Cu(NHs)4SO4 + H20 (2.12)
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2CuFeS; + 6 NH3z + 17/2 Oz + (n+2)H.0
= 2Cu(NH3)4S04 + 2(NH4)2S04 + Fe203.nH20 (2.13)

2.2.3. Passivation of Chalcopyrite

The majority of copper production from sulfide copper ores and concentrates is done
by pyrometallurgical methods. Environmental problems occur due to SO, gas output
in pyrometallurgical processes. In order to solve this problem, either the cost of the
initial investment costs for the sulfuric acid production facility or the difficulties
encountered in the storage and marketing of the produced acid have led to the

development of alternative hydrometallurgical processes [42].

In leaching processes, the reaction rate shows the variation of the concentration of the
reactants or reaction products with time. In leaching processes, the dissolution rate
generally decreases with time. This is due to the reduction of the surface area where
the reaction takes place, the decrease in solvent concentration or the formation of a
protective layer on the surface (passivation) as the reaction time progresses. The
dissolution rate also directly depends on the activation energy. The magnitude of the
activation energy in the leaching process indicates the difficulty of the dissolution

process. In other words, the hardly soluble mineral has high activation energy.

Scientists generally agree that chalcopyrite passivation, or the reduction in the
extraction rate of copper from chalcopyrite, occurs as a result of the formation of one
or more layers overlying the mineral surface, limiting its reactivity. After many years
of research, the nature and extent of these layers' effect on chalcopyrite leaching
remain debatable. Some authors attribute this phenomenon to the precipitation of iron
oxyhydroxides or jarosites on the mineral surface, which act to cover and isolate it
from the solution, causing the leaching process to slow down. Other authors attribute
this slowing to the formation of an elemental sulfur layer, which increases in surface
area as dissolution progresses, forming a diffusion barrier between the mineral and the
leaching medium. Finally, it has been reported that the chalcopyrite dissolution
reaction is preceded by the formation of a layer of nonstoichiometric polysulfides or

iron-poor sulfides beneath the sulfur layer (which would not cause diffusion issues)
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and that this layer reacts slower than the original surface, limiting copper extraction
None of these causes has been proven conclusively. The detection of phases such as
iron precipitates or polysulfides on sample surfaces, or the coincidence of experimental
values with those calculated for diffusion phenomena, has primarily been used to
validate their effect on leaching rate. It is likely that more than one of these factors
influences overall low-rate chalcopyrite leaching, so it is critical to determine the
impact of each on mineral dissolution under the operational conditions used in
industrial hydrometallurgy. Dutrizac conducted an early review of some contradictory
aspects of chalcopyrite dissolution. There appears to be agreement on two points:
particle size affects the process depending on surface area and stirring is only required

for particle suspension and gas transfer.
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PART 3

NANOPARTICLE AND ENERGY DEPOSITION

3.1. NANOPARTICLE SYNTHESIS

Nanotechnology is the creation of structures with improved and/or completely new
physical, chemical and biological properties by working at the level of atoms and
molecules (in the range of 1 to 100 nm) in units per billion [43]. In general, the material
properties and operating principles of the devices are based on conventional modeling
and theory (assumptions based on dimensions greater than 100 nm) [44]. However,
when the dimensions are reduced below 100 nm, traditional theories and models are
insufficient to explain the emerging features. Compared with large particles of the
same materials, nanomaterials exhibit superior and novel properties depending on size.
A wide range of nanomaterials or particles can be found naturally on Earth, such as
photochemical products, volcanic products, and exhaust fumes. The main purpose of
nanotechnology is to develop more robust, better quality, longer life, cheaper, lighter
and smaller devices. For this reason, many types of nanoscale production methods are
being developed. These are detailed in the section below. In addition, the use and
characterization of nanoparticles that can be synthesized for this purpose in

supercapacitors are also expressed in the sub-titles [45].

There are two general approaches to the production of nanomaterials and structures:
top-down and bottom-up production [46]. In the first approach, called the top-down
approach, the process is started with the whole material and the material is divided into
small pieces. In this main approach, the structural dimensions of microscopic elements
are reduced to the nanometer scale, with lithography, extremely flawless surface
shaping, with special processing and chemical etching techniques. In the bottom-up
production approach, the material is synthesized as a result of the growth of atoms and

molecules in size through chemical reactions [47]. Atomic and molecular elements are
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brought together in a controlled manner to form larger systems, clusters, organic
lattices, multimolecular structures and synthesized macromolecules. These can be
grouped under three groups as solid phase, liquid phase and gas phase synthesis
methods [48].

3.1.1. Vapor Phase Synthesis

The inert gas condensation method is a very popular nanoparticle production method
because it can provide flexibility and controlled material production [49,50]. The
working principle of the method is based on evaporation of the starting material in a
clean helium atmosphere and cooling the vapor formed in the helium atmosphere. This
process is followed by the condensation of atoms into nano particles and the resulting
nano particles are transported and accumulated in the collector. Convection currents
(heated by inert gas, cooled by cold finger) carry small, condensed particles into the
collection vessel. The deposits are scraped and sent to the compression device. The
size of the produced particles is between 1-100 nm and these sizes can be controlled
by adjusting the gas pressure. Then, if desired, the collected particles can be sintered
to obtain solid nanomaterials. The main parameters affecting the system and the
characteristics of the product are gas pressure, type of inert gas, temperature and gas
flow rate [51].

Physical Vapor Deposition (PVD) is a method of coating by vapor convection and
condensation (usually under vacuum) of material from a solid or liquid source [52].
This method is a versatile production method and thin films can be prepared in atomic
or nanometer size, provided that the process conditions are carefully controlled. PVD
involves the creation of vapor phase types such as evaporation, sputtering, laser
heating or ion beam [53]. In evaporation, atoms are separated from the source by
thermal means, in sputtering, they are separated from the target surface by the impact
of ions. After the resulting vapor phase passes through the collision and ionization
phases, the substrate concentrates on the sample, followed by nucleation and growth
processes. In addition, sputtering is used to form layers of materials with high melting
points, such as refractory metals and ceramics, which are very difficult to manufacture

by thermal evaporation. Sputter-formed films generally have a higher density, as
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sputtering atoms carry more energy than evaporating atoms. The major advantages of
PVD processes are their high film growth rates and the ability to form dense films at

relatively low substrate temperatures [54].

The chemical vapor deposition method (CVC) was first developed in Germany in 1994
and is an ideal method for the production of large quantities of nanoparticles [55]. The
method is basically based on the transformation of gaseous material into particles by
thermal cracking. CVD is a frequently used material manufacturing technology at
nanoscale. Among its applications, it is mostly used for thin film coating on the
surface, but it is also used in the production of high purity bulk materials and powders
[56]. In the CVD process, gaseous or vaporous raw materials are transported onto the
hot substrate and/or chemical reactions take place on the substrate. Reactions occur on
or near hot surfaces and solid products are deposited as thin films on the surface. It is
possible to synthesize a wide variety of materials with this method. The reactors used
in the CVD process are very diverse. They are divided into groups such as hot-walled,
cold-walled, low-pressure/atmospheric pressure/high-pressure reactors with or
without carrier gas. In these reactors, deposition processes can be performed at
temperatures between 473 and 1873 K. At the same time, CVD processes can be
divided into different groups in terms of the energy source (plasma, photon, laser, hot
filament) used. The CVD process has many advantages. One of the most important
advantages is that it usually forms a homogeneous thick film or coating layer on
complex shaped parts. Another advantage of the CVD process is that it allows the
synthesis of very high purity materials. Other advantages are relatively high deposition

rates and generally do not require as high a vacuum as the PVVD method [57,58].

3.1.2. Liquid Phase Synthesis

The particle formation mechanism in liquid phase synthesis is the same as in the vapor
phase process. Although grain size and crystal shape are not easy to control in typical
gas condensation, these properties can be kept under control by using growth-limiting
organic ligands in sol-gel and solvothermal syntheses. In chemical precipitation (CP)
reactions, nucleation, growth and/or agglomeration processes occur simultaneously.

Insoluble particles are usually formed under supersaturation conditions. Nucleation is
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the key stage, during which a large number of small particles are formed. On the other
hand, secondary processes such as maturation or aggregation significantly affect the
size, morphology and properties of the product obtained. In order to facilitate
precipitation, supersaturation (saturation), which usually occurs as a result of a
chemical reaction, is required. Typical chemical precipitation methods include the
production of metals (from aqueous solutions, reduction from non-aqueous solutions,
electrochemical reduction, and degradation of metal-organic precursors), oxides (from
aqueous and non-aqueous solutions), and metal precursors (by reactions of molecular
precursors). In addition, microwave/sonication chemical precipitation processes can
also be applied [59,60].

The sol-gel process is also a wet-chemical technique. In this process, a net structure
(gel) is produced using a chemical solution (solute solution) or colloidal particles (sol
for nanoscale particles) [61]. In the process, a stable sol containing solid particles in
solution is first prepared and subsequently gelled by a polycondensation or
politzerization reaction. The gel is dried to remove the liquid phase it contains. In the
last step, high temperature is applied for the densification (densification) and
decomposition of the gels, during which the gel precipitates in the form of pores in the
network structure and residual organic contaminants are removed [62]. Sol is a
colloidal suspension of solid particles in a liquid phase, while gel is the interconnected
network formed between phases. Both reactions yield polymeric sols (without oxide
particles larger than 1 nm) instead of particulate metallic sols. Both reactions are multi-
step processes and occur sequentially. Sol-gel precursors can be metal alkoxides or
inorganic and organic salts. Various studies are carried out with metal (Si, Ti, Zr, Al,
B) alkoxide precursors [63,64].

One of the best methods used to produce pure metal oxide nanoparticles is
hydrothermal synthesis. With this method, substances that are insoluble at normal
temperature and pressure are grown with heterogeneous reaction under high
temperature and high-pressure conditions. Crystal growth is carried out in an apparatus
consisting of a steel pressure vessel called an autoclave, where the nutrients are
contained with the water. Materials that cannot be produced by solid state reaction can

be synthesized via hydrothermal synthesis. The final product is obtained, which tends
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to have a low melting point, high vapor pressure and thermal decomposition.
Intermediate state, meta-stable state and specific phase products can be easily
produced, new meta-stable state and other certain condensed state compounds can be
synthesized. The most important disadvantages of hydrothermal synthesis are the need
for expensive autoclaves, safety problems in the reaction process and the impossibility

of observing the reaction process [65,66].

3.1.3. Solid Phase Synthesis

Mechanical Grinding: Mechanical etching is a typical example of a 'top-down' method
in the synthesis of Nanomaterials. In this method, the nanomaterial is not prepared
from clusters, but by the structural degradation of coarse-particles formed as a result
of plastic deformation. Mechanical grinding is simple, requires no expensive
equipment, and is a very popular method for obtaining all grades of materials, as well
as nanocrystalline materials. In practice, it is important to pay attention to the
contamination that may come from the grinding environment or atmosphere and the
consolidation of the powder product, nanocrystalline microstructure without
coarsening. High-energy mixers, spherical balls, or tumbler mills are used in
mechanical grinding. Depending on the number of balls, rotational speed, size,
ball/powder mass, grinding time, and the atmosphere in which grinding takes place,
energy transfer occurs from the refractor or balls to the powder material. This synthesis
method is suitable for the production of amorphous or nano-crystalline alloy particles,

elemental or compound powders [47,67].

3.2. ENERGY DEPOSITION SYSTEM AND SUPERCAPACITORS

Increasing fuel costs, pollution, global warming and geopolitical concerns have been
among the important problems of modern societies related to their dependence on
fossil fuels from past to present [68]. In order to reduce these problems in the global
context, the development of other energy sources and storage technologies has been
among the important targets of the countries. In this context, many studies have been
carried out to develop clean energy sources such as wind, solar, biomass, hydrogen,

geothermal and hydrothermal energy [69]. In fact, the electrical energies obtained from
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these studies are widely used in many areas of our daily life. However, such sources
actually convert kinetic energy into electricity thanks to motion in nature and do not
have a stable power output. For this reason, it is very important not only to obtain
energy, but also to store it and make it available with appropriate outputs when needed.
In this context, devices called capacitors have been used so far to store energy. These
are devices obtained by placing an insulating material between two conductive plates.
In this system, when a source voltage is applied between two plates of a capacitor,
current wants to flow through the insulating material, but the insulating material
opposes the electron flow. This resistance phenomenon makes the change creating an
effect to store the energy in the dielectric material in the form of electrostatic field.
Thus, electricity is stored by loading the plates with an opposite and equal electric
charge relative to each other. Its capacitance value directly depends on the dielectric
constant of the material between the plates thickness [70]. Based on this information,
high capacitance value can be obtained by placing components with high dielectric
constant between metal plates theoretically. In this context, it has been reported in the
literature that components with perovskite structure and high dielectric constant, such
as BaTiOgz, SrTiOs, provide very high capacitance [71,72]. Apart from these, polymers
such as polyaniline, PVDF and metal oxides have also been used in many electronic
devices due to their high capacitance value [73]. However, for recently developed
devices, higher performance is needed not only in terms of power but also in terms of
energy density and the cyclic charge-discharge time associated with it. Helmholtz
thought that higher energy storage capacity could actually be achieved by reducing the
thickness of the dielectric material between the plates and expanding the surface area,
rather than using materials with high dielectric constant [74]. For this purpose, double-
layer supercapacitors have been developed using a conductor with a larger surface area
of the dielectric material, a liquid electrolyte for ion exchange, and a separator that
allows ions to pass (Figure 3. 1) [75]. During the charging of such a supercapacitor,
oppositely charged ions in the electrolyte accumulate at the electrodes. Meanwhile, the
thickness of the dielectric material at the interface is actually the size of the ions in the
electrolyte (1 nm). In conventional capacitors, this thickness can only be reduced to a
maximum of 2-5 um. Even when only the thickness value is taken into account, almost
a thousand times higher capacitance can be obtained. Therefore, the amount of energy

that supercapacitors can store is higher than conventional ones.
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Figure 3.1. Schematic representation of porous supercapacitor electrode [76].

In such supercapacitors, charges on the surface and near the surface can be stored by
adsorption or by faradic processes by creating redox reactions on the surface. These
are called pseudocapacitors [77]. There are also hybrid ones available in
supercapacitors, in which both double-layer and pseudocapacitive type of storage can
occur at the same time. In this context, supercapacitors, often called ultracapacitors or
electrochemical capacitors, have outstanding power performance, excellent
reversibility, very long cycle life (> 1000000 cycles), simple operating mode and
integration into electronics. They also generate less thermochemical heat due to simple
charge storage mechanisms [78]. For this reason, it has been widely used in consumer
electronics, memory backup systems, and industrial power and energy management.
Today, it is intended to be used in various energy storage systems such as large
industrial machines, electric vehicles and portable electronic devices. Especially for
electric vehicles, supercapacitors are expected to have higher energy storage capacity
and power density, as well as ultra-superior features that can withstand long cycles and
have easy charge-discharge cycles. In order to meet these specifications, all parameters
should be developed together, not a single parameter. For example, it is necessary to
improve the properties of the collector used as electrode material, such as increasing
the energy density by being porous and having a larger surface area, at the same time
using a dielectric material that can withstand long cycles and being able to be charged-
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discharged fast by performing faradic reactions on this dielectric at the same time. In
the literature, many new generation components are being developed in addition to
traditional components for this purpose. The most important expectation from these
components is that the surface area is large, and the conductivity is high. Metal oxides
with spinel structure have higher electrical conductivity compared to other metal
oxides in terms of conductivity. Generally, the general formula for a spinel is AB20sa.
Here, A denotes a divalent metal ion (M?*), and B denotes a trivalent metal ion (M*").
In a normal spinel structure, A ions occupy tetrahedral sites and B ions occupy
octahedral sites. Spinel ferrites, MFe2O4 (here M = Mn, Co, Ni, Zn, Cu etc.) are
fascinating materials due to their impressive magnetic, electrical and optical properties
as well as their ability to exhibit different redox states and electrochemical stability
[79]. ZnFe204 and Co304 electrodes from MFe 04 and metal oxide categories are
known for their non-toxic structure, high surface area, high specific capacitance,
normal spinel structure, readily available metal salts, low cost and environmental
harmlessness [80]. In addition, ZnFe.O4 and Co304 have high theoretical capacities of
2600 F/g and 3560 F/g, respectively [81]. In general, ferrites (ZnFe204) have a wide

potential range (0 V - 1.3 V), which affects the improvement in energy storage density.
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PART 4

LITERATURE REVIEW

4.1. LEACHING OF CHALCOPYRITE

Deniz et al. investigated the addition of NaCl to the ammonium persulfate-APS (as an
oxidant) leaching of chalcopyrite. They stated that metal extraction increased with
increasing NaCl concentration, APS concentration, leaching temperature (up to 333
K) and L/S ratio. The formation of an elemental sulfur layer on the particle surface
during the oxidative leaching of sulfur minerals has been expressed as the primary
problem causing low metal extraction. They determined that the sulfur layer can
eliminate the passivation effect and low dissolution problems in the presence of
chloride ions. In the experimental results, copper and iron extraction efficiencies were
obtained as 75% and 80%, respectively: APS concentration of 250 g/L; NaCl
concentration 150 g/L; duration 180 minutes; temperature 333 K; mixing speed 400
rpm; and L/S 250 mL/g [82].

Velasquez et al. stated that agglomeration occurs during the leaching process. In this
context, they investigated the effect of adding chloride ions to aggregation and curing
time's effect on the chalcopyrite ore's overall leaching process. They used 20, 50 and
70 kg of chlorine per ton in their study and stated that the presence of chloride ions is
necessary to improve the leaching kinetics, however, high chloride concentrations are
not required under ambient conditions. As a result, they observed that the copper
extraction of chalcopyrite ore agglomerated with high concentrations of acid and
chloride ions after 20 days of leaching increased up to 60%, and the extraction rate

increased as the curing period increased from 15 days to 80 days [83].
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Petrovic et al. investigated the leaching of chalcopyrite concentrate in hydrochloric
acid with hydrogen peroxide as a triple oxidizing agent. The effects of leaching
variables such as stirring speed, solid-liquid ratio, temperature and HCI and H.0>
concentrations on metal extraction were investigated. In these experiments, after 80
minutes of reaction, they obtained a maximum final copper extraction of 33% with 3.0
mol/L H202 in 0.5 mol/L HCI at room temperature. They also noted that copper
extraction increased in the first 60 minutes of the reaction, then essentially stopped due
to the rapid catalytic decomposition of hydrogen peroxide. On the other hand, the
solid/liquid ratio significantly affected the copper extraction, and the highest copper
extraction was obtained in the most dilute suspension (i.e. S/L ratio of 1:100) [84].

Many studies have investigated the dissolution Kkinetics and mechanism of
chalcopyrite. Solis et al., on the other hand, claimed that the passivation layer could be
removed by adding organic solvents to the extraction solution. For this purpose,
chalcopyrite leaching was carried out in an acid solution with different oxidants (H2O»,
CuSOg4 and Og) at different temperatures in the presence of alcohols such as 2-propanol
and methanol. They determined the activation energy as 42 kJ mol™ in copper
dissolution with 2-propanol and hydrogen peroxide at 40 °C and stated that this result
is also suitable for the shrinking core model. However, its effectiveness started to
decrease due to the degradation of peroxide above 40 °C. They observed that methanol
stabilized the copper ion and allowed the formation of prohibited (Cu2S2-6Cu.S),

which is necessary to obtain high copper extraction [85].

Pan et al. also thought that passivation on the chalcopyrite surface is an important
problem and that it can be eliminated by bioleaching. In this context, it was stated that
the passivation layer was weakened by adding beads and the copper extraction was
increased from 50% to 89.9%. These results were confirmed by SEM and XRD

analysis of the chalcopyrite surface [86].

Hernandez et al. investigated the acid effect during the leaching of chalcopyrite in an
acidic medium. In this context, different leaching solutions were prepared using
different acids (H.SO4, HCI and HNO3) with and without seawater. In the leaching

process, copper chloride and ferric chloride were added as oxidizers. They prepared
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100 g/L solutions and stirred at 400 rpm at 45 °C for 7 days. A maximum of 37.7%
copper extraction was obtained in the test using hydrochloric acid in a seawater-based
medium and the presence of copper chloride. In the leaching test using sulfuric acid in
the presence of sodium chloride and copper chloride in a seawater-based medium, the
maximum copper recovery was obtained as 34.2%. In general, copper extraction in
leach tests using a seawater-based acidic medium was higher than in a pure water-

based leaching medium [87].

Jianming et al. used ferric and cupric chloride in a nitrogen atmosphere at 97 °C to
recover copper from chalcopyrite and remove iron by precipitation as hematite. In
these parameters, they observed that the copper extraction was 99% and the iron
extraction was 90% after 3-4 weeks of leaching. When they reduced the particle size
of chalcopyrite from 26 um to 15, they observed 0.2% and 2% increases in copper and
iron extractions, respectively. They also stated that when the Cu(ll)+Fe(lll)
concentration in the leaching solution drops to 0.04 M, the available elemental sulfur

is reduced by copper ions to form copper sulfide and stop the copper extraction [88].

Deniz et al., on the other hand, investigated the extraction rates of chalcopyrite in
hydrogen peroxide and sulfuric acid in an autoclave. They determined that 2.5 M
concentrations for sulfuric acid and 2.3 M concentrations for hydrogen peroxide were
the most optimum parameters at a rotation speed of 630 rpm, a holding time of 24
minutes, a temperature of 78 °C, a concentration of 3.17 g chalcopyrite - 50 ml distilled
water [89].

Liddicoat and Dreisinger developed two methods for copper extraction from
chalcopyrite, Goethite and Hematite. The Goethite model is based on the precipitation
of iron in the solution as FEOOH as a result of the reaction with air or oxygen and
obtaining copper chloride ions. On the other hand, the hematite model is related to the
removal of iron in the solution by converting it to Fe>Os3 in the autoclave. For the
optimization of both models, parameters such as grinding size, temperature and dwell
time were examined. As a result, they obtained 95% copper extraction in the Hematite
model after fine grinding of the concentrate for 4-6 hours at 95 °C (P90= 41 um).

However, it was also noted that the copper extraction from its finely ground
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concentrate (P90= 37 um) exceeded 99%. In the Gotit model, 89% copper extraction
was obtained under optimum conditions in the tested atmospheric conditions [90].

4.2. NANOPARTICLES AND THEIR ELECTROCHEMICAL PROPERTIES

Saravanakumar et al used a solvothermal method to synthesize and optimize the
monodispersed CuFe>O4 nanoparticles, after using different molarities of KOH, their
results revealed that with 10M KOH the cyclic stability of the CuFe>O4 nanoparticles
exhibits 84% retention after 100 cycles of galvanostatic charging and discharging and
the pattern of the curve remains constant which indicate a very good coulomb
efficiency after long cycles, and that the reduction in the size of nanoparticle increased
the capacitance value. so, they conclude that with 10M KOH the CuFe.O4
nanoparticles of 20 nm size regime is a suitable electrode for pseudo captive candidate
application. Their XRD and XPS test results confirm that the obtained product of their

synthesis crystalizes in the tetragonal system [91].

X wu et al have synthesized the rod-like CuFe2O4 by a co-precipitation method in
ethanol-water solution at room temperature, and they also studied the electrochemical
performance of cufe204 as an anode material for Na-ion battery. They said that their
obtained sample at 400° ¢ could deliver a reversible specific capacity of 281 mAh/g at
a current density of 100 mA/g after 20" cycle [92].

S. Polat and Dana Faris investigated and synthesized the electrochemical properties of
CuFe204 crystals on Ni foam surface (together with g-C3Na, GNPs and separately),
they wanted to use it as an electrode in supercapacitors, they use the hydrothermal
method. According to them, these productions have been successfully realized based
on their XRD, FTR and XPS analyses results in a nanosponge-like geometry. Based
on their experiments, they find 989 mf/ cm? as the highest value of capacitance at 2mA
measurement (in the presence of the three elements), their electrode stability after 1500
cycles was 70% at 16 mA, while the energy and power densities were 27,8 mWh/cm?
and 300 mWh/cm? respectively. They stated that the carbon-based component

increased the CS value by decreasing the charge transfer and diffusion resistances of
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their electrodes.so, they concluded that the high cs value and low stability made the
use of this electrode limited in low cycle application [93].

X yang et al investigated the as-synthesized product's structural and morphological
properties. They used several techniques to achieve their goal, including a simple
solvothermal method with subsequent calcination treatment to create porous CuFe>O4
nanospheres. They performed XRD, SEM, and TEM tests, and the XRD pattern
indicates that their products were pure cubic spinel. Their SEM and TEM images show
a uniform sphere-like morphology and a porous microstructure to the product. They
constructed their gas sensors using the a-s prepared samples, investigated their gas
sensor performance, and discovered that, when compared to pure CuO and Fe.O3
nanoparticles, the CuFe;O4 nanostructure exhibited superior gas sensing properties
toward acetone at the operating temperature of 250° C, including high response,
outstanding selectivity and excellent response recovery property. Thus, they concluded
that the CuFe2Os nanospheres have a potential application for fabricating high

performance acetone gas sensors [94].

Yan Guo et al used tween to modify CuFe,Os (CuFe;O4-T) nanoparticles by
hydrothermal method. According to them, the modification lead to a high purity of
CuFe204-T, reduced the particle size to 10-20 nm of diameter and decrease the
bandgap energy. They found that CuFe2Os-T shows improved supercapacitors
behavior with a specific capacitance of 437.3F/g the scan rate of 0.004 N S in 0.5M
H2SOs4 electrolyte, 88.6% capacitance stability retention over 2000 cycles. They
claimed that tween improved greatly the performance of CuFe.SO4 nanoparticles, and

their combination will have great promise for wide electrochemical application [95].
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PART 5

EXPERIMENTAL PROCEDURE

5.1. MATERIALS AND METHODS

5.1.1. Materials

The chalcopyrite particles used in this thesis study were obtained from Kastamonu
Hanonii region with 1-6 um particle size as seen in Figure 5.1. It was then stored in
capped plastic containers after drying at 60 °C. In the experiments, deionized water,
sodium chloride (NaCl), magnesium chloride (MgCl.) and urea (CH4N20) were used
for copper and iron extraction from chalcopyrite. Deionized water has a conductivity
of 18.25 Mohm and was supplied from four resinous MARGEM water purifiers. NaCl
and MgCl. were obtained from Rokkim, and urea was obtained from Aromel chemical
company. After extraction, nanoparticle synthesis processes were carried out on the
nickel foam surface obtained from the Nanography company. Nanoparticle synthesis
was carried out in a Teflon lined stainless steel autoclave. All laboratory equipment
and analysis devices used in this study were carried out at Karabuk University
Materials Research and Development Center (MARGEM).

Figure 5.1. The image of chalcopyrite used in experiments.
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5.1.2. Extraction of Chalcopyrite

In this part of the study, the processes of preparing solutions with different parameters
for the extraction of copper (Cu) and iron (Fe) elements from chalcopyrite are
explained. For this purpose, firstly, a 250 ml beaker was taken, and 50 ml of deionized
water was added into it, and the beaker containing this mixture was placed on the
heater and waited by magnetic stirring until its temperature reached 60 °C. When the
temperature reached 60 °C, 6-gram chalcopyrite was added by weighing into the
beaker. Stirring was continued for one hour at the same temperature. After this process,
the mixture was taken over the heater and filtered on Watman filter paper with the help
of a funnel. The filtrate was centrifuged at 3000 rpm for 15 minutes to avoid residual
particles. Thus, the extraction process is completed. On the other hand, NaCl and
MgCl, were also used separately as a secondary reactant to examine the effect on the
concentration of Cu and Fe elements in the extraction solution. These reactants were
added to the solution together with the chalcopyrite in the amounts in table 1. Then,
the amounts of NaCl and MgCl. were determined, where the highest values were
obtained in terms of Cu and Fe concentrations. After that, urea was added in the
amounts in Table 1 together with the highest concentration of MgCl., and thus the
effect of urea was also examined. All of these operations were carried out in the setups

given in Figure 5.2.

Figure 5.2. a-b) Extraction preparations and b) after filtration.
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5.1.3. Cu and Fe Concentration Measurements

The copper (Cu) and iron (Fe) concentrations of the solutions (stock solutions)
obtained after extraction were determined by THERMO SCIENTIFIC ICE 3400
atomic absorption spectrometers (AAS). This process was first started by dilution into
stock solutions. The purpose of this dilution is because the Cu and Fe concentrations
in the stock solutions are above the AAS measurement limit. For this process, firstly,
500 microliters of stock solutions were taken and mixed with 50 ml of deionized water
and 5 M measurement solutions were prepared. These samples were called dilute
solutions. On the other hand, for the measurement, other solutions of 1 ppm, 3 ppm
and 5 ppm were prepared separately from 1000 ppm Cu and Fe standard solutions with
the same dilution process, and these were called calibration solutions. Measurements
were made using the flame measuring part of the device and Cu and Fe cathode tubes.
First, the Cu tube was activated, and it was waited for about 15 minutes for it to become
stable. Then, a method was created, with the first three measurements consisting of
calibration solutions and the following from dilute measurement samples.
Measurements were started with this method and firstly, the concentrations of 1 ppm,
3 ppm and 5 ppm standard solutions were measured. According to the results in the
flame measurement standard of the Cu element in the software, it was stated that it
should give 0.4 absorbance at 1 ppm concentration and the measurement results of the
standard solutions were obtained in this direction. Then, the method was terminated
by measuring the dilute measurement samples. The same procedure was carried out
for Fe. With the results obtained here, the Cu and Fe concentrations of the stock
solutions were calculated in ppm units with a simple ratio. The same measurement
procedure was applied to all stock solutions after extraction. The solutions prepared

by the AAS device used for this purpose are given in Figure 5.3 and Figure 5.4.
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Figure 5.4. Atomic absorption spectroscopy (AAS).

31



5.1.4. Nanoparticle Synthesis

The use of Cu and Fe in solutions after the extraction of minerals rich in Cu and Fe
such as chalcopyrite is also very important for the purpose of such studies. For this
purpose, although the aforementioned elements are commonly tried to be obtained in
metallic form, it is highly needed in some areas to obtain them as metal oxides.
Especially in supercapacitors, nanosized metal oxide synthesis on a metal collector
substrate surface is very important in terms of energy storage performance. For this
reason, in this part of the study, it is aimed to synthesize Cu-Fe-based metal oxide
nanoparticles from the solution, which has the highest concentration of Cu and Fe
extraction from chalcopyrite, based on the information in the literature. It is aimed to
use the nanoparticles supercapacitors to be synthesized at this stage to store electrical
energy at the anode electrode. For this reason, it must be synthesized on a conductive
substrate. One of the most common conductive substrate materials used in
supercapacitors is nickel foam, which has a very large surface area. In this study, it is
aimed to synthesize metal oxide nanoparticles, which are expected to consist of Cu
and Fe, on nickel foam. Hydrothermal method is one of the most suitable methods that
can provide nanoparticle synthesis in liquid environment and on a substrate . Before
starting the productions with this method, the solution with the highest concentration
obtained in the previous step was determined first. Then, 10 ml of this solution was
taken and added to a Teflon lined stainless steel autoclave with a capacity of 40 ml. At
the same time, 2 pieces of nickel foam cut in 1x3 dimensions were added to this
autoclave. Then, first the lid of the Teflon liner and then the lid of the stainless-steel
autoclave was tightly closed. The same processes were applied in another two
autoclaves, and a total of three autoclaves were prepared for the productions.
Afterwards, the autoclaves were placed in the oven and heated up to 150 °C at a heating
rate of 10 °C and waited at that temperature for 6 hours. After this process, the
autoclaves were removed from the oven and allowed to cool down to room
temperature. Then, the covers were opened, and the nickel foams were taken out and
washed with deionized water to remove the residues on it. Then, it was placed in an
oven on a watch glass and dried at 60 °C for one day and dehumidified. In addition,
since the solutions in the autoclave also contain synthesized product particles and can

be used in the characterization processes, they were taken into glass tubes and

32



centrifuged at 3000 rpm for 15 minutes. Then, the remaining liquid was poured out
and the particles remaining as precipitate were dried in the oven for one day. Thus, the
production processes on nickel foam were carried out. The representation of the
experimental setup and equipment used during production is given in Figure 5.5 and

Figure 5.6.

Figure 5.6. Macro view before and after CFO coating with hydrothermal method.



5.1.5. Material Characterization

For the characterization of the products obtained after the metal oxide synthesis
process on the nickel foam surface with the hydrothermal method, firstly,
crystallographic analysis was performed with the Rigaku Ultima IV X-ray diffraction
(XRD) device. In these analyzes, Cu-based Ka radiation (A = 0.1546 nm) with a fixed
monochromator at 40 kV and 40 mA with a 20 value in the range of 10-80° was used.
Then, for the chemical bond analysis of these products, analyzes were made between
400-4000 cm-1 wave number with 2 cm-1 resolution in transmission mode with Bruker
Alpha brand Fourier transform infrared spectroscopy (FTIR). In addition, the
microstructure and morphological images of these components were examined with
Carl Zeiss ULTRA PLUS Scanning Electron Microscope (SEM). The representations
of the devices used for this purpose are given in Figure 5.7, Figure 5.8 and Figure 5.9,
respectively.

Qurtiman,

Figure 5.7. X-ray diffraction instrument (XRD).
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Figure 5.8. Fourier transform infrared spectroscopy (FTIR).

Figure 5.9. Scanning electron microscope (SEM).
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5.1.6. Electrochemical Measurements

Electrochemical performances of metal oxides synthesized directly on nickel foam
surface by hydrothermal method from extraction solution were investigated with
Parstat 4000 brand potentiometer device at room temperature. A three-electrode test
unit was used in these analyses. Graphite was used as counter electrode, Ag/AgCl as
reference electrode and metal oxide doped nickel foam as working electrode as seen
in Figure 5.10. Measurements were carried out in 6 M KOH solution. This solution
was prepared with 18.25 Mohm resistive deionized water. Before starting the
measurements, a load of about 10 MPa was applied to the nickel foam, making it
flatter. Next, the KOH solution was placed in a beaker and the electrodes were
immersed in it. The working electrode, nickel foam, was adjusted to be immersed in
this solution to be approximately 1 cm?. After this process, galvanostatic charge-
discharge measurements were carried out in the range of 1-6 mA using the Versa studio
software program. From these measurements, the discharge times at each current
density were determined. Then, specific areal capacitance (Ca) values were calculated

according to the formula in Equation 5.1 [96].

IXAt
Cs =
AVXS

(5.1)
In this formula, the Ca value is the area capacitance (mF), | is the discharge current
constant (mA), (At) is the discharge time (sec), AV is the potential window (V), and
(S) is the surface area of the working electrode in cm?. In addition, the energy (E) and
power (P) densities of the electrode were calculated according to Equations 5.2 and

Equation 5.3 according to the data obtained from here.

_ CsxV?

E === (5.2)
3600XE
P == (5.3)
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Figure 5.10. Electrochemical instruments a) Parstat 4000 , b) three-electrode cell.
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PART 6

RESULTS AND DISCUSSION

6.1. EXPERIMENTAL RESULTS AND DISCUSSIONS

6.1.1 Elemental Examination of Leaching Solution with AAS

The results of Cu and Fe concentrations in the extraction solutions measured by AAS
are examined in this section. The obtained results are given in detail in the graphs in
Figure 6.1. The samples referred to as reference in these results belong to the extraction
solution made only with deionized water without using any reactants. According to the
results obtained, the Cu and Fe concentrations of the reference sample were
determined as 225 mg/L and 203 mg/L, respectively. In subsequent experiments, when
1-gram NaCl was added to the extraction solution as reactant (N1), Cu and Fe
concentrations were measured as 295 mg/L and 199 mg/L. According to this result, it
was understood that with the addition of 1 gram of NaCl, the extraction of Cu increased
by %31, and Fe decreased by 2%, respectively. Then, solutions containing 3-gram
(N3), 5-gram (N5), 7-gram (N7) and 9-gram (N9) NaCl were prepared to determine
the changes in the extraction rate depending on the amount of reactant. Cu
concentrations in these solutions were measured as 306 mg/L, 333 mg/L, 380 mg/L
and 400 mg/L, respectively, while Fe concentrations were found to be 205 mg/L, 221
mg/L, 242 mg/L and 261 mg/L. Based on these results, it can be said that the
concentration of Cu and Fe increased between 76% and 28%, respectively. The
relationship of these increase amounts with the increase in the amount of NaCl was
also given in the graph in Figure 6.1a and b. The slopes of the lines in this graph were
also calculated as 0.86 for Cu and 0.34 for Fe. Thus, if it is desired to prepare an
extraction solution at higher or lower concentrations, it will be possible to determine
how much NaCl should be used and how much Cu and Fe extraction can be achieved
by using the slopes of these lines.
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Figure 6.1. Concentrations of a) Cu and b) Fe with the addition of NaCl to the
extraction solutions.
The effect of MgCl,, a metal chloride salt of group 2A, as a similar but different
component was also investigated. Similarly, solutions containing 1-3-5-7-9-gram
MgCl2 were prepared to determine the changes in the extraction rate depending on the
amount of MgCl> under the same conditions, and these solutions were named M1, M3,
M5, M7, and M9, respectively. The results were given in Figure 6.2. According to
these results, Cu concentrations for M1, M3, M5, M7, and M9 were determined as 318
mg/L, 329 mg/L, 336 mg/L, 345 mg/L and 322 mg/L, respectively, while Fe
concentration was 220 mg/L, 223 mg/L, 299 mg/L, 311 mg/L and 286 mg/L. The

concentration increases for both elements increased up to the M7 sample, and then
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decreased. The amount of increase for Cu and Fe was observed as 52% and 53%,
respectively. In this case, it can be said that MgCl. decreases the Cu extraction but
increases the Fe extraction compared to NaCl. It was also observed that unlike NaCl,
after a certain level (7 grams), it reduced the extraction of Cu and Fe by approximately

6% and 8%, respectively.
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Figure 6.2. Concentrations of a) Cu and b) Fe with the addition of MgCl, to the
extraction solutions.

Another parameter used in experimental studies is on the combination of two reactants.
For this reason, considering that the Cu and Fe concentration of MgCl, could be
increased, it was decided to use MgCl, together with urea. As a secondary reactant,
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urea (CHsN20), a component that can absorb sulfur in chalcopyrite, was chosen and
the amount to be used was determined as 1-grams, 3-grams, 5-grams, 7-grams and 9-
grams. On the other hand, the amount of MgCl> to be used with urea was chosen as
M7 (7 grams), which represents the highest Cu and Fe concentration, and these
samples were named M7U1, M7U2 and M7U3. The obtained results from these
experiments were given in Figure 6.3. According to these results, Cu concentrations
of M7U1, M7U3, M7U5, M7U7 and M7U9 samples were determined as 373 mg/L,
354 mg/L, 324 mg/L, 314 mg/L and 303 mg/L, respectively, while Fe concentrations
were determined as 258 mg/L, 239 mg/L, 208 mg/L, 203 mg/L and 202 mg/L.
Compared to the M7 sample, these results increased by 8% for Cu and after that this
value decreased up to 12% by M7U9. At the same time Fe concentration directly
decreased with urea up to 35%. As a result, it was observed that MgCl; increased the
Cu concentration slightly compared to NaCl and even decreased it after a certain rate,
while it also increased the Fe concentration significantly. On the other hand, it was
observed that the urea additive started to decrease these concentrations directly after 1

gram, and the Fe concentration in these solutions was lower compared to Cu.
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Figure 6.3. Concentrations of a) Cu and b) Fe with the addition of MgCl> + Urea to the

extraction solutions.

6.1.2 XRD and FTIR Analysis of Cu-Fe Metal Oxide Nanoparticles

The crystal structure and chemical bond analysis of metal oxide nanoparticle crystals
synthesized directly on the nickel foam surface were performed by XRD analysis. The
result of this analysis was given in Figure 6.4. According to the XRD graph, sharp
peaks were observed at 20 value at 35°, 39°, 43°, 55°, 60° and 64°, which probably
belong to the (311), (222), (400), (511), (440) and (300) planes of the spinel-structured
CuFe204 compound [97,98]. At the same time, other peaks were also observed at 11°,
17°, 22°, 26° and 32°, which probably belong to the (110), (211), (112), (301), and
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(312) planes of urea and at 16° and 17°, 19° the (200) and (211) planes of thiourea,
respectively [99]. On the other hand, FTIR result was given in Figure 6.5. According
to the result, two sharp peaks were observed at wave numbers 456 cm™ and 598 cm™,
representing Cu-O and Fe-O bonds, respectively [100]. Apart from these, extra peaks
were also observed at 1082 cm™, 1409 cm?, 1558 cm™, 1627 cm™ and 598 cm™,
indicating the presence of carbon-like and NH> compounds. Similarly, the flat peak
observed at 3095 cm™ represents O-H bonding, probably due to moisture in the
structure [99].
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Figure 6.4. XRD result of synthesized CFO nanoparticles.
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Figure 6.5. FTIR result of synthesized CFO nanoparticles.

6.1.3 Surface Microstructure Analysis of Nanoparticles by SEM

The microstructure of Cu-Fe-based metal oxide nanoparticles synthesized on the
nickel foam surface was examined by SEM, and the results are given in the visuals in
Figure 6.4. A general view of untreated and treated nickel foam is given in the image
in Figure 6.4a and Figure 6.4b, respectively. As can be seen from these images, a
formation has occurred on the nickel foam surface. In the higher magnification images
given in Figure 6.4c and Figure 6.4d, it can be said that these formations are plate-
shaped and rose-patterned. While the wall dimensions of these plates were measured
at around 100 nm, the wall thickness was determined as 44 nm as seen in Figure 6.4c.
It can be said that these very thin-walled, and nano-sized structures mainly consist of

CuFe204 crystal structures according to XRD and FTIR analysis. Literature data also

confirm these results.
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Figure 6.6. SEM images of a) pure Ni foam, and b-c-d) high magnified CFO coated
Ni foam.

6.1.4 Electrochemical Measurement Results

The synthesis of Cu-Fe metal oxide nanoparticles directly on the nickel foam surface
by hydrothermal method from the extraction solution was confirmed by XRD, FTIR
and SEM analyses. The samples obtained here were produced to be used as anode
electrodes for energy storage in supercapacitors. In this title, the electrochemical
performances of nickel foam electrodes synthesized with metal oxide nanoparticles on
the surface were investigated for this purpose. For this purpose, galvanostatic charge-
discharge measurements were carried out at current densities of 1 mA, 2 mA, 3mA, 4
mA, 5 mA, 8 mA, and 10 mA, and the results were given in Figure 6.7. The discharge
times obtained at these current densities were measured as 251 sec, 163 sec, 107 sec,
82 sec, 46 sec, and 35 sec, respectively. In addition, depending on this electrode's
discharge times, the specific areal capacitance values (Ca) at each current value were
calculated as 725 mF, 702 mF, 605 mF, 575 mF, 525 mF, and 485 mF, as seen in

Figure 6.8. According to these results, the highest performance for energy storage was
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obtained at 2 mA current value. On the other hand, this electrode's energy and power
densities were also calculated and given in Figure 6.9. According to the results
obtained here, the energy densities in each current density from 2 mA up to 10 mA
were determined as 12.5 mWh/cm?, 11.9 mWh/cm?, 10.3 mWh/cm?, 9.7 mWh/cm?,
8.9 mWh/cm?, and 8.2 mWh/cm?, respectively. At the same time, the power density of
the electrode from 2 mA up to 10 mA were calculated as 12.5175 mWh/cm?, 262
mWh/cm?, 350 mWh/cm?, 437 mWh/cm?, 700 mWh/cm?, and 875 mWh/cm? as seen
in Figure 6.9. As in specific capacitance, the highest energy and power density values

were obtained at 2 mA current.
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Figure 6.7. Galvanostatic charge — discharge measurements.
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6.2. DISCUSSIONS

The first issue discussed in this study was the effect of NaCl, MgClz and urea reactants
on the extraction of Cu and Fe from chalcopyrite. These studies showed that NaCl
increased the Cu and Fe concentration by 76% to 26% compared to MgClo. In this
context, Ruiyang Zhang et al. found the highest copper concentration to be
approximately 250 mg/L in their investigation for NaCl, KCI, MgCl, and CaCl; salts
[101]. In this study, a maximum of 400 mg/L was reached with NaCl. For this reason,
it can be said that a significant advantage is provided. In addition, the lower Cu and Fe
concentrations with MgCl» addition compared to NaCl are in line with Ruiyang Zhang
et al. However, the quantitative ratios examined in this study revealed that MgCl>
decreases the Cu and Fe concentration after a certain point, which is an important
contribution to the literature. In addition to these, it can be said that the addition of
urea together with MgCl> has a negative effect in terms of Cu concentration, while it

has a positive effect because it reduces the ratio of Fe in the solution.

On the other hand, the charging mechanism of a supercapacitor electrode is realized
by two different mechanisms: electrochemical double-layer capacitance (EDLC) and
pseudocapacitive (PC). Among them, EDLC is related to the absorption of ions in the
environment on the surface [91,102-104]. Therefore, it can be said that the large
surface area of the electrode increases its performance. Pc, on the other hand, is
associated with the reduction/oxidation reactions of ions while adhering to the surface.
In this context, the Cu and Fe-based electrode produced in this study is very
advantageous in terms of Pc properties because this property of metal oxides has been
expressed in the literature. In addition, it is thought that the synthesis of copper ferrite
by hydrothermal method without using any binder on the surface covers a large surface
area and improves the performance by contributing to the charging mechanism in
terms of EDLC feature. On the other hand, in the studies done so far, Ham et al. He
stated that CuFe,O4 (CFO) is one of the most important factors affecting the redox
reaction and specific capacitance of its active ends [105]. In this context, they made a
CFO coating with the spray pyrolysis method in their study and concluded that the
porosity significantly affects the active tips. Due to the low porosity of their coating,

they achieved a very low specific capacitance (Ca) of 5.7 F/g at a current density of
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0.3 pm/cm2. On the other hand, to increase the performance by increasing ionic
diffusion to these active tips, Zhao et al. He synthesized CFO in nanotube form and
determined the Cs value as 28 F/g at a current density of 0.5 A/g [106]. However, these
values indicated that they left the CFO far behind their counterparts. For this reason,
some experiments were carried out with syntheses in different geometric forms and
with different components, and the results of the leading ones are given in Table 3 in
detail. It has been understood that the Ca values of CFOs produced in spherical
geometry are around 189 to 345 F/g. However, when two-dimensional carbon-like
materials such as graphene [107-109] are added, it is observed that the Ca performance
reaches 576 F/g to 989 mF/cm?. In these studies, it was stated that graphene's two-
dimensional and conductive nature caused CFO to interact with more ions by
expanding both its conductivity and surface area, and an increase in Ca value.
However, as in this study, the production of CFO at nanoscale and the presence of
small amounts of urea and thiourea additives increased the Ca performance up to 725
mF/cm?. These results show that the produced electrode is very promising, but the

multiple cycle results should also be examined.

Table 6.1. Some results in terms of electrochemical performance of CuFe>O4 used as
an electrode in the literature.

Electrode Electrolyte Specific Capacitance

materials solution Capacitance retention (%) Ref.
725 Flcm? This
CFO 6M KOH at 2 mA/cm? i study
989 F/cm? 73.3% after
CFO-4 6M KOH at 1.3 mA/cm? 1500 cycles [93]
85% after
CuFe204-GN 3M KOH 576.6 F/g at 1 Alg 1000 cycles [110]
88.6% after
CuFe;O4/tween-80 0.5M H,S04 437.3 F/g at 4 mV/s 2000cycles [111]
CUF8204
1M KOH 345 F/g at 0.6 A/g 88% after 600 cycles [112]
nanospheres
Nano spherical 84% after
CuUFe,0s 2 M KOH 189.2F/gat 0.5 Alg 1000 cycles [91]
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PART 7

SUMMARY

This thesis work consists of two parts. In the first part, the extraction of chalcopyrite,
which is used as an important source of copper, is discussed. For this purpose, the
studies on copper and iron extraction from chalcopyrite were examined, and the
problems were determined. At the beginning of these, it was stated that the use of
expensive reactants and the oxidation of the sulphur in the chalcopyrite during the
extraction and forming a passivation layer on the surface. In order to solve these
problems, chlorine sources such as NaCl and MgCl., which are cheaper and especially
advantageous in Cu extraction, have been used. In addition, urea compound, which
can be converted into thiourea by absorbing sulphur with these salts, was also used.
Extractions were achieved by the hydrometallurgical method by changing the amount
of each reactant, and the conditions were optimized by determining the maximum
points of Cu and Fe concentrations. According to these results, Cu and Fe
concentrations increased by 76% and 28%, respectively, with the addition of 1 g to 9
g of NaCl to the solution, while they increased by 52% and 53% with the addition of
MgCl,. In addition, when urea was added to MgCl, the Cu concentration initially
increased by around 8%, then decreased to 12%, while the Fe concentration directly
decreased to 35%.

On the other hand, the presence of only copper and iron in the extraction solution has
also been expressed as a pollution problem. The problem of the presence of iron in the
solutions aims to be turned into an advantage by synthesizing the copper ferrite
compound of copper and iron in this thesis, because copper ferrite can be used as a
cheap and easily synthesized anode electrode material in supercapacitors as given in
literature. For this reason, hydrothermal method was used for the synthesizing of
copper ferrite nanoparticles directly on the nickel foam surface from the extraction
solution with the highest Cu and Fe concentrations. After that, the obtained samples
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were characterized by FTIR, XRD, and SEM. While the chemical and crystal
structures of urea, thiourea, and copper ferrite compounds were observed in FTIR and
XRD results, nano-sized copper ferrite formations in the form of plates with a wall
thickness of approximately 50 nm were observed in the SEM analysis. After these
processes, the electrochemical performances of the produced electrode were
investigated. As a result, it was calculated the specific capacitance of produced
electrode as 725 mF/cm?, an energy density of 12.5 mWh/cm?, and power density of
880 mW/cm?. When these results are compared with the literature, it is concluded that
it is a very high-capacity electrode material obtained only with copper ferrite without
adding extra carbon-like additives. For this reason, it is concluded that it is a promising
electrode material if its dimensional optimization is provided, and its electrochemical

performance is examined in detail with multiple cycles.
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